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ABSTRACT 
 
Giardia lamblia is single celled eukaryotic parasite. It infects humans, and is one of the 
most common parasitic infections contracted in the USA. Attachment to the host’s 
intestinal epithelium is essential to the feeding form of Giardia, the trophozoite. Central 
to attachment is the microtubule cytoskeleton, the principle structure of which is the 
ventral disc. The ventral disc is a large array of highly decorated microtubules that forms 
a domed right-handed spiral.  The use of large area montages of multiple tomograms of 
negatively stained, extracted, ventral discs has provided information on the exact path of 
each microtubule in the array. This study has provided new information on the total 
number, length and organization of MTs within this large structure. It was also 
discovered that the ventral disc is composed of six structurally distinct regions, which 
vary in terms of microtubule spacing, microtubule curvature, microribbon height, and 
crossbridge length and morphology. The microtubules of the ventral disc are continuous 
and pass through multiple regions along their length. The protein decoration along a 
single microtubule can undergo multiple structural transitions and rearrangements. Cryo-
electron tomography and subvolume averaging were used to obtain 3D density maps 
from four of the newly identified ventral disc regions.  
 
 iv 
These experiments revealed the presence of smaller protein densities present in all four 
regions of the ventral disc.  These densities are located on both the outside and inside 
surface of the MT and were found to localize to specific protofilaments. The arrangement 
and size of these densities was found to vary both within and between the ventral disc 
regions. One density located on the inner surface of the microtubule, known as Giardia 
microtubule inner protein 5 (GMIP5), did not vary within or between the regions. It was 
found that this density occurred at every 8nm repeat along the microtubules and was 
approximately the size of a tubulin monomer. This structural information obtained was 
used to narrow the list of possible protein components of GMIP5 from seventeen proteins 
to only six. These six proteins include:  alpha-2 annexin, alpha-3 annexin, alpha-5 
annexin, alpha-17 annexin, DAP5374 and DAP13766. 
 v 
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CHAPTER 1: INTRODUCTION TO GIARDIA LAMBLIA 
 
Discovery of Giardia lamblia 
 
Giardia lamblia was first discovered in 1681 by Anton van Leeuwenhoek [1,2]. He is 
believed to have observed trophozoite cells swimming in a sample of his own stool. He 
famously described the cells as “very prettily moving animalcules, some rather larger, 
others somewhat smaller than a blood corpuscle and all of one and the same 
structure...their bodies were somewhat longer than broad and their belly, which was 
flatlike, furnished with sundry little paws…” [3,4]. Initially, the pathogenicity of Giardia 
was not fully recognized, though van Leeuwenhoek suspected that the organisms he had 
observed might be related to recurring bouts of diarrhea he was reported to be 
experiencing.  
 
In 1859, Vilem Lambl, after whom one of the Giardia species is named, rediscovered and 
documented the morphology of the trophozoite cells he found in the stool sample of 
pediatric patients he was overseeing in Prague [5].  
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Disease and epidemiology 
 
Giardiasis 
The excysted trophozoite form of Giardia will cause giardiasis in approximately one 
third of infected hosts. Symptoms usually manifest one to three weeks after initial 
ingestion of the cysts [6]. Although not fatal, the symptoms are unpleasant and can persist 
for 6 weeks or longer if not treated. Symptoms of giardiasis include: diarrhea, 
dehydration hematuria, stomach cramps, vomiting, bloating, excessive gas, sulphurous 
ructus and a feeling of general malaise [7]. As well as experiencing these symptoms, 
infected individuals may encounter problems with nutrient uptake, resulting in weight 
loss. Lactose malabsorption [8], reduced carbohydrate absorption [9,10], vitamin A 
deficiency [11], and B12 deficiency [11,12,13] have all been observed in infected 
individuals, particularly children. It is also thought that parasitic protozoa, including G. 
lamblia, may play a significant role in irritable bowel syndrome [14].  
 
A positive diagnoses of Giardia infection involves the discovery of trophozoite cells or 
ovoid cysts in the feces of an infected individual. These markers can often be difficult to 
find and identify [15], though, infection can be confirmed with an ELISA test that is now 
widely available [16]. In addition to uncomfortable symptoms that can persist for 
extended periods [17], treated and untreated individuals can fail to eliminate the 
infection, with 10% [18] to 40 % [6] of treated individuals remaining infected after a 
course of treatment. Approximately 20 to 25 % [6] of hosts will become asymptomatic 
carriers who are infected and colonized by trophozoites. While failing to exhibit the 
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classic symptoms of giardiasis, these carriers continue to shed cysts into the environment 
that can infect other individuals. A single infected host can shed up to 10 billion cysts 
daily [19]. Asymptomatic carriers can experience a recurrence of giardiasis symptoms 
and a flare up of infection at a later date [7].  
 
Occurrence in the USA  
Giardia is the most common intestinal parasitic disease contracted in the USA [20]. It is 
found in all areas of the country (Figure 1.1), though the exact number of cases is not 
precisely known. Giardia infections are thought to be regularly unreported to a physician, 
and sometimes misdiagnosed.  
 
Giardiasis is common in the Rocky Mountain region, including the state of Colorado, 
where it is colloquially known as “Beaver Fever”. Hikers, and other people enjoying the 
outdoors, can become infected with Giardia by ingesting water contaminated with animal 
feces and cysts. The cysts often originate from zoonotic reservoirs, such as beavers. Cysts 
are insensitive to regularly used water purification treatments such as chlorination, 
iodation and UV radiation. They can be filtered from water if material with a small 
enough pore size is selected and can be inactivated by heating the water to 100 oC [6]. 
 
Occurrence world-wide 
As in the USA, the data on global rates of infection with Giardia is not comprehensive. 
Giardia seems to be ubiquitous in the human population and infections occur worldwide. 
It is estimated that 33% of the population of developed nations have contracted giardiasis 
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at some point in their lives [21]. Infection rates are notably high in Eastern Europe and 
parts of Russia, but infection has been reported in travelers to India, Africa and the 
Middle East [6]. 
 
Figure 1.1: Rates of Giardia lamblia infection across the USA by state in 2008. Adapted from the CDC 
website. The numbers in the key represent the number of cases per 100,000 people. N = not a reported 
disease in that state.   
 
Giardia infection is especially prevalent in areas where water treatment and sanitation 
standards are poor [6,22].  In developing nations almost 2% of the adult population and 
6-8% of children in developing nations are constantly infected at any given time [21]. In 
areas where access to sufficient food is already difficult, Giardia can have a devastating 
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impact far beyond the uncomfortable symptoms of giardiasis. The colonization of the 
intestinal track by Giardia cells is thought to reduce the host’s ability to absorb nutrients 
[6] and may damage the epithelial lining of the host gut [23]. The resulting malnutrition 
can have significant detrimental effect on a young child’s physical and cognitive 
development [11,24]. Clearly, further research into the biology of this organism and 
development of new treatments would benefit many millions of people worldwide.  
 
Drug Treatment and Resistance 
Giardia infection is currently treated with the nitroimidazole class of drugs, which 
include metronidazole, tinidazole, oridazole and albendazole. These drugs are toxic to a 
wide range of anaerobes and microaerophillic micro-organisms [25,26]. Many 
individuals infected with Giardia fail to fully clear the infection, even when treated with 
metronidazol, the drug of choice for treatment of an anaerobic infection. These 
individuals will often become the chronic carriers described above [17].  
 
Metronidazole, the drug of choice for treatment of a Giardia infection, has a range of 
negative side effects. These side effects and adverse drug reactions can include nausea, 
diarrhea, a metallic mouth taste, allergic reactions, headache, dizziness, vomiting, 
glossitis, stomatitis, dark urine and paraesthesia [27]. High doses and long term treatment 
with metronidazole have been associated with the development of leukopenia, 
neutropenia, and an increased risk of peripheral neuropathy or CNS toxicity [27]. 
Metronidazole has also appeared on the US National Toxicology Program’s list of 
compounds reasonably expected to be a human carcinogen [28], though a definite link to 
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cancer has not been established.  
 
Additionally, strains of Giaridia lamblia that show resistance to the nitronidazole class of 
drugs have started to emerge in recent years [29,30,31,32]. It is clear that identification of 
new drug targets and development of Giardia specific drug treatments would be 
advantageous to many people and would prevent this disease from becoming untreatable 
if resistance continues to emerge. 
 
 
Taxonomy and Evolutionary Significance 
 
Advances in gene sequencing technology have revolutionized the classification of 
organisms in the tree of life. Traditionally, organisms were classified by morphological 
similarities. Giardia’s full taxonomic classification based on morphological classification 
is Eukaryota Protista Sarcomastigophora Zoomastigophora Diplomonada Hexamitidae 
Giardia lamblia [33].  
 
Modern classification of organisms uses the information obtained from multiple lines of 
investigation including genetic, structural and biochemical [33,34]. According to this new 
system, Giardia is classified Eurkaryota, Bikonta, Cabozoa, Excavata, Metamonda, 
Trichozoa, Eopharyngia, Trepomonadea, Diplozoa, Giardiida, Giardiidae [33,34]. 
 
Regardless of how it is classified, Giardia is generally agreed to be an ancient organism 
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[33] and amongst the earliest divergent eukaryotes [35]. It is missing many of the 
hallmark subcellular compartments or organelles associated with eukaryotes. It appears to 
lack mitochondria, peroxisomes, and may lack Golgi apparati with classical morphology 
[33,35].  Until recently it was hypothesized that Giardia had diverged from the main root 
of the eukaryotic tree before the evolution or acquisition of mitochondria [36].  
 
 
However, the discovery of nuclear genes believed to have mitochondrial ancestry 
[36,37,38] suggests that this was not, in fact, the case. It is now hypothesized that 
adaption to an anaerobic environment promoted the loss of mitochondria or the 
conversion of mitochondria into mitochondria remnant organelles known as mitosomes 
[36].  
 
Study of organisms, like Giardia, which are divergent from the commonly studied model 
organisms (Figure 1.2), can provide information on the evolution of cellular systems [39]. 
Giardia is particular useful for the study of the evolution of the cytoskeleton. By studying 
the common and divergent features in distantly related organisms we can begin to 
understand the evolutionary timeframe of the development of cytoskeletal features [39]. 
We can also study the way in which ubiquitous structures, such as the microtubule (MT), 
can be adapted to many diverse functions as part of larger cellular elements.  
 
There are MT cytoskeletal structures with which we are generally familiar, that are 
common to many or all eukaryote organisms. These structures include the mitotic 
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spindle, used to separate the chromosomes in mitosis [40,41,42,43,44]: primary cilia, 
used for sensing the extracellular environment [45]; and motile cilia and flagella 
[46,47,48].  
 
 
Figure 1.2: Phylogenetic tree showing the position of Giardia lamblia relative to other organisms. 
Giardia lamblia is highlighted with a red box. Other commonly studied model organisms are marked by an 
asterisk, with humans marked in red. This shows the evolutionary separation of Giardia lamblia from the 
other commonly studied organism. Adapted from Letunic, I. and Bork, P., 2006 [49]. 
 
Even more diverse MT based structures can be observed in the Excavata kingdom. This 
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kingdom contains many of the free living and parasitic protists (including Giardia 
lamblia) and is estimated to contain as much diversity as exists between plants, animals 
and fungi [39,50].  This diversity is exemplified in many unique cytoskeletal structures 
that carry out a wide range of functions. Examples include the axostyle, which is a sheet 
or spiraling bundle of MTs contained in the center of the cell [51,52], used for motility 
and found in a large number of excavates [51,52,53,54,55,56]; the subpelicular MTs 
array, which is a “corset” of crosslinked MTs, found in Trypanosoma Brucei, that define 
cell shape [57,58,59,60]; and of course the large array of MTs that form the ventral disc 
in Giardia [61,62,63] that facilities attachment of the cells to their host [64,65].  
 
The study of these diverse MT cytoskeletal features not only provides evolutionary 
information, but the unique proteins associated with them have the potential to provide 
new drug targets for treatment of parasitic diseases. 
 
Giardia Species 
There are 6 distinct species of Giardia: Giardia agilis, Giardia ardeae, Giardia lamblia, 
Giardia muris, Giardia microti, and Giardia psittaci. Giarda lamblia is also known as 
Giardia intestinalis and Giardia duodenalis.  Despite being a zoonotic parasite, each 
species and strain has an infection preference for a host or group of related hosts [66,67]. 
G.lamblia is the principle species that infects human beings.  
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The Genetics of Giardia 
 
Sequencing of the genome of Giardia lamblia 
Giardia lamblia species is divided into eight gene assemblages [68]. Uncertainty still 
exists as to whether genetic exchange occurs between these eight subgroups or if they 
should be classified as different species [68,69,70]. The two major genotypes that infect 
humans are assemblages A and B [66]. The most well studied strain, WBC6, is part of 
assemblage A.  
 
The genome of WBC6 strain, representing assemblage A, has been completely 
sequenced. The project was carried out by a number of collaborators from multiple 
different institutions. The genome is approximately 11.7 mega basepairs in size [70]. It is 
similar in size to the yeast genome [71], and the largest of bacterial genomes. It is about 2 
to 3 hundred times smaller than most mammalian genomes [70].  
 
The sequenced genome was searched for open reading frames and promotor sequences in 
order to identify sites likely to contain genes. 6470 regions were identified as genes [70]. 
E.coli cells contain approximately 4500 genes [72]. It was discovered that the majority of 
genes are missing introns commonly found in mammalian genomes [70]. In fact, 
approximately 77% of the genome is comprised of coding sequences [70]. To put this in 
context, less that 2% of the human genome is coding sequence. The genes are also 
packed very close together with the average distance between genes numbers in the 
hundreds of base pairs [70].  
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The nuclei 
Like other diplomonades, Giardia is a binucleate organism. Unlike many other 
eukaryotic cells, that spend the majority of their time in G1, Giardia cells rest in G2 
phase [1,73]. The G1 nuclei are each diploid and the G2 nuclei are tetraploid [73]. In a 
growing culture the cells cycle between 4N and 8N and the cysts are 8N [73]. A single 
copy of the genome is divided into 5 chromosomes [74]. During cell division the two 
nuclei divide at approximately the same time [75] and  each daughter cell receives one 
copy of each of the parent nuclei [74]. The nuclei are attached to the ventral disc by 
unidentified filamentous structures [62,76] and are often associated with the extracted 
cytoskeletons (personal observation). Both nuclei are transcriptionally active [77].  
 
 
The Life-Cycle of Giardia 
 
Cysts and Infection 
Giardia has a two-stage life-cycle where it exists as either a cyst or a trophozoite cell 
(Figure 1.3). The cysts are the dormant form of Giardia that are necessary for initial 
invasion of the host. The cysts are approximately 5 µm by 8 µm [78] ellipsoids; they are 
non-motile and have a thick (0.3 µm) proteinaeous coat [78] that confers protection 
against environmental factors. It is known that the cysts can survive for long periods in 
cold water. Inside the cysts are two daughter Giardia cells that paused in the final stages 
of mitosis. The cells are poised and ready to complete cytokinesis upon excystation [78].  
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The cysts rely on the fecal-oral route for transmission to invade a new host. The host 
must ingest as few as 10 cysts for an infection to be established [2]. The cyst wall allows 
them to pass though the acidic conditions of the stomach undamaged.  
 
 
Figure 1.3: Life-cycle of Giardia lamblia. The two distinct life stages are represented, with the host stage 
shown with an orange background and the environmental stage with a white back ground. Starting from 12 
o clock, the cysts are injected by the host. Excystation occurs, releasing two mature trophozoite, or feeding 
cells from each cyst. The trophozoites divide and colonize the small intestine of the host organism. At this 
point many infected individuals experience the symptoms of giardiasis, though some infections remain 
asymptomatic. Some trophozoites are induced to encyst. The trophzoite partially completes cell division 
before the cellular contents are packaged within the cyst wall. The cysts enter the environment in the host’s 
feces. The dormant cysts survive well in the environment including in cold water, until they are ingested by 
a new host. Adapted from www.commons.wikimedia.org.wiki/File:Giardia_life_cycle_en.svg, this diagram 
was created by user “LadyofHats” and was released into the public domain in 2008.  
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Excystation 
Environmental signals, such as exposure to acidic conditions and digestive enzymes 
including chymotrypsin and trypsin, and pancreatic fluid, stimulate the excystation 
process [79]. Approximately 30 minutes after encountering excystation signals, 
cytokinesis is completed to produce two daughter trophozoite cells [78] that emerge from 
a single pole of the cyst [79] through a break in the cyst wall [78].  
 
The Trophozoite Cell   
The trophozoite is the active, motile, feeding and replicating [76] form of Giardia. The 
trophozoite cells have a distinctive morphology (Figure 1.4). The cells are approximately 
10 to 12 µm in length and 5 to 8 µm at the widest point of the “tear-drop” shaped cell 
[78].  The ventral surface of the cell is defined by the presence of the ventral flagella and 
the ventral disc, just under the plasma membrane. The ventral surface always faces 
towards the host’s cell surfaces, where it is in close contact during attachment [80]. The 
dorsal surface of the cell faces away from the host cell and into the intestinal lumen.  
 
The trophozoite cell feeds by endocytosing the contents of the intestinal lumen. Vacuoles 
near the dorsal surface of the cell contain many types of hydrolase enzymes necessary for 
the breakdown of DNA, RNA and proteins, including immunoglobulins [78]. Giardia 
trophozoites also take up ferritin [78], as their anaerobic metabolism [81,82] is mediated 
by iron-dependent enzymes [83]. 
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Figure 1.4: Morphology of Giardia lamblia trophozoite. Panel A: Scanning Electron Micrograph of 
trophozoite cells adhered to gerbil intestinal epithelium. Adapted from Erlandsen, S. (1988). Panel B: 
Model view of a trophozoite cell imaged using 3view, a SEM slice and view technique. The cytoskeleton is 
shown in color, AF = anterior flagella (purple) VF = Ventral flagella (pink) PLF = posterior-lateral flagella 
(blue) CF = caudal flagella (cyan) MB = median body (orange) N = nuclei (brown) VD = ventral disc 
(green). Scale bar = 2 µm. Panel C: Side view of the model shown in B. Scale bar = 2 µm. Both B and C 
are adapted from Schwartz, C. et al, 2012 [84]. 
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Encystation 
Trophozoite cells that experience conditions commonly found in the lower intestine and 
colon of host are stimulated to encyst. The presence of lactate, primary bile salts, 
glycocholate, and myristic acid, in a solution of pH7.8, produce optimum conditions for 
encystation in vitro [78]. It takes approximately 44 to 70 hours for complete formation of 
the cyst wall [78]. During that time, mitosis and nuclear division are completed. A mature 
cyst is octoploid, with four nuclei present inside the cyst wall [78].  
 
 
The Microtubule Cytoskeleton 
 
The intracellular morphology of the trophozoite is defined largely by the unique MT 
cytoskeleton it contains (Figure 1.4). The MT cytoskeleton is organized into several 
distinctive structures including the ventral disc, four pairs of flagella, the median body 
and the funis [1].  
 
The Four Pairs of Flagella 
Giardia has four pairs of flagella, all with the eukaryotic arrangement of 9 pairs of 
doublet MTs surrounding a central pair [1,85]. The eight basal bodies of all the flagella 
are clustered together in the center of the ventral disc [1,85]. Unique to Giardia is the fact 
that all the flagella extend through the cytoplasm [85,86] before exiting the main body of 
the cell and becoming membrane bound [85].  
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The flagella do not appear to have transition zones as observed in organisms like 
Chlamydomonas reinhardtii (Cindi Schwartz, unpublished data). The Y-shaped links, 
which tether the doublet MTs to the membrane, and the transition fibers are normally 
located just above the basal bodies [87] in eukaryotic flagella. In Giardia, the basal 
bodies are separated from these features by long intracellular portions of the flagella. The 
Y-shaped links and transition fibers are found in the flagella pockets, in a pinwheel like 
arrangement, (Cindi Schwartz, unpublished data) far from the basal bodies.  
 
Each pair of flagella exit the main body of the cell at characteristic points [85] and each 
pair exhibit a distinct motility [85]. The ventral, posterior-lateral, and caudal flagella all 
extend from their basal bodies, over the ventral disc (over the region known as the ventral 
groove) before taking different paths to exit the cell.  
 
The Anterior Flagella  
The anterior flagella exit the cell at the left and right side in the anterior portion (widest 
part of the tear drop) of the cell body [85]. They cross over as they associate with the 
ventral disc. The exterior portion of the anterior flagella move in circular motion [88]. 
Like all the other pairs of flagella, no movement has been observed in the internal 
regions.  
 
The Posterior-lateral flagella  
The posterior-lateral flagella exit the cell on the left and right sides of the posterior part of 
the main cell body. They may move in a manner similar to the anterior flagella [88], 
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though there is some doubt whether they move at all. Both the anterior and posterior-
lateral flagella have electron dense matter, flanking the posterior side of their cytoplasmic 
regions [1,85]. These areas are known as “dense rods” or “ribosome exclusion zones”. 
The function and composition of this matter is unknown. 
 
The Ventral flagella 
The ventral flagella exit the main body of the cell on the ventral surface, just behind the 
ventral disc. The internal regions have long thin structures associated with them, that, 
when surrounded by the plasma membrane form fin-like projections [85]. These fins 
form a region known as the ventral groove extending from the ventral disc to the ventral 
flagellar pockets. The ventral flagella beat constantly in a sinusoidal pattern whether the 
cells is swimming, skimming along a surface, or attached [80,88]. 
 
The Caudal flagella and Funis 
The caudal flagella extend straight from the ventral groove of the ventral disc to the rear 
of the cell. They exit almost at the posterior tip of the cell. Movement of the caudal 
flagella has been associated with dorsal/lateral tail flexion and may also involve the funis 
[85]. The funis is a central cage of MT that surrounds the caudal flagella. Associated with 
the central cage are MTs that extend out in a fishbone-like arrangement (personal 
observation). The arrays of MTs extending out are anchored to both the dense rods that 
flank the posterior-lateral flagella and to a layer of fibrous material, known as the 
epiplasm, located just under the cytoplasmic membrane [89]. It is thought that the caudal 
flagella and funis function together to bring about tail flexion [89].  
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The Median Body 
The median body is a somewhat disordered array of stacked MTs unique to Giardia [1]. 
A recent SEM ultrastructural investigation has found that the number and locations of 
median bodies can vary from cell to cell [90]. The function of the median body is still 
unknown, but it has been hypothesized that it might act as a reservoir of MT cytoskeletal 
components, as it has been found to contain beta-giardin [90], which are known to also 
localize to the ventral disc (Scots paper). The median body was previously thought to be 
free in the cell but now appear to have connections to the plasma membrane, the ventral 
disc and the caudal flagella [90]. However, the median body or bodies are either loosely 
connected to the rest of MT cytoskeleton, or the connections are easily broken during 
extraction, as they not observed in extracted cytoskeletons. 
 
The Ventral Disc 
The ventral disc is a large MT array that forms a right-handed overlapping spiral. The 
ventral disc was studied extensively in the 1970s and 1980s by David Holberton, at the 
University of Hull. Holberton used electron micrographs of resin embedded with 
chemically fixed Giardia trophozoites [63] and extracted negatively stained ventral discs 
[61,91], coupled with biochemical studies [63,91,92,93,94,95] to do some of the 
foundational work on the ventral disc.   
 
Holberton demonstrated that the ventral disc is composed of MTs, each with a long 
ribbon-like structure attached to it and extending up towards the dorsal surface of the cell 
[62]. He called those structures microribbons (MRs). Importantly, Holberton also 
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demonstrated that the giardins, the proteins thought to be the principle components of the 
MRs [94,96], can self-assemble into flat filamentous structures unassisted and without 
the presence of MTs in vitro [91,95]. Holberton also established the existence of protein 
crossbridges [61] connecting adjacent MRs [61,63,96]. He was the first to describe a 
small structure called a “side-arm” that extends from the marginal sides of the MTs, 
describing it as connected to the plasma membrane. However, these connections may 
have been an artifact of sample preparation by chemical fixation as they have not been 
found in high pressure frozen, resin embedded samples (Cindi Schwartz, personal 
communication).  
 
 
Advances in Knowledge of Ventral Disc Structure 
 
Recent work of C. Schwartz et al took advantage of advances in electron microscopy 
(EM) technology to obtain new and detailed information on the structure of the ventral 
disc [84]. It was discovered that all the disc MTs have the same polarity; that the MRs are 
not a single sheet, but actually consist of three trilaminar sheets; and that the ventral disc 
MTs are decorated by many protein densities that localize to both the inner and outer 
surface [84].   
 
Microtubule polarity and the locations and structures of microtubule ends 
Tomography of freeze substituted, plastic-embedded cells revealed that the minus ends of 
the disc MTs are located at the dense bands (DBs) and on the center edge [84] (Figure 
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1.5, Panel A). The DBs are structures of unknown material that function as MT 
organizing centers for the ventral disc. They are located just in front of the basal bodies 
and are arranged into two sets. These two sets each have an arrangement like three 
descending steps. The MT minus ends at the DBs have the characteristic structure of 
capped MT ends [84,97] and those on the center edge had blunt ends. No MT with 
opposite polarity were observed [84].  
 
Plastic section tomography and models obtained from slice-and-view blockface imaging 
[98,99,100] show that the MRs arrangement at the minus ends varies [84]. The MT at the 
minus ends located at the DBs do not have MRs; very short MRs are first observed on the 
MTs as they fan out to form the dorsal OZ [84]. The arrangement of MRs at the minus 
end on the center edge are somewhat different: here the MRs often extend past the MT 
minus end and exist for a short distance with no MT bound to them [84] (Figure 1.5, 
Panel B). 
 
Discovery of GMIPs and GMAPs 
Cryo-electron tomography (cryo-ET) of extracted frozen-hydrated trophozoite 
cytoskeletons coupled with sub-volume averaging revealed a structure of the repeating 
unit that forms the majority of the ventral disc [84] (Figure 1.6). This data expands on 
what was previously observed by Holberton. The MT is highly decorated with a large 
quantity of protein densities [84]. The individual identities and functions of each  
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Figure 1.5: Morphology of minus ends in the ventral disc. Panel A: Capped minus end morphology at 
the dense bands (DBs) which are a major MT organizing center in the ventral disc. A MT minus is outlined 
in white and others are indicated by blue arrows. The M indicates the direction of the disc margin (outer 
edge) and the plus sign shows the polarity of the MTs. Scale bar = 25nm. Panel B: Model view of a small 
section of the ventral disc showing the morphology of MT minus ends on the center edge. The ventral disc 
is oriented dorsal side down. The MT is shown in light green and the MR is shown in dark green. The MR 
can be seen extending over the blunt minus end of the MTs, indicated by the blue arrow. A MT terminating 
in the body of the disc is indicated by the red arrow. The plus end is also blunt. The yellow line F,G shows 
the position of the cross section in C. Scale bar = 50 nm. Panel C: The top panel shows the cross-section 
through the model in panel B, across the F,G line. The MRs are marked in green. The morphology of the 
MT ends modeled in panel B are shown in the tomographic slice. M indicates the direction of the disc 
margin. Scale bar = 25 nm. Adapted from Schwartz, C. et al, 2012 [84]. 
 
 
observed density are as yet unknown. The structure clearly shows that the MRs are 
formed from three parallel sheets [84]. A few large densities, including the side-arm, side 
rail and bridge, and the paddle can be observed binding to multiple protofilaments (PFs) 
on the outer surface of the MT [84] (Figure 1.6). Three additional densities termed 
GMAP1, GMAP2 and GMAP3 were observed binding specifically to individual PFs in a 
regular arrangement [84]. Again, the function of these densities is not known.  
 
The ventral disc is a hyperstable array that does not depolymerize, except during mitosis 
[76]. The MTs of the disc are insensitive to microtubule depolymerizing drugs [101,102]. 
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This effect is not caused by the low sequence homology of Giardia tubulin to classically 
studied bovine tubulin, as the treatments effectively depolymerize and prevent the 
assembly of the mitotic spindle [101,102].  It may be that the extensive decoration of the 
ventral disc MTs with GMIPs and GMAPs provides very effective stabilization of the 
polymerized tube, maintaining the array. 
 
Three densities were also observed bound to specific PFs on the inner surface of the MTs. 
These densities have been named GMIP5, GMIP7 and GMIP8. Microtubule inner 
proteins (MIPs) were first discovered in 2006 by two groups: the McIntosh Lab at the 
University of Colorado [103] and the Downing Group at the University of California, 
Berkeley [104]. Examples have been observed in the doublet MTs of sea urchin 
axonemes [105], Chlamydomanas flagella [105] and the cilia of multicellular organisms 
[103,104]. The identity and function of a MIP has yet to be determined.  
 
The discovery of the presence of MIPs in the ventral disc MTs provides a piece of 
structural information about ventral disc assembly. The ventral disc does not 
depolymerize except during mitosis, so, we can reasonably assume that the MIPs are built 
into the array as the MT are first polymerizing. This begins to hint at highly regulated and 
complex process of assembly of the ventral disc, that is thus far, very poorly understood.  
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Figure 1.6: High-resolution isosurface representation of the structure of the repeating unit of the 
ventral disc. Panel a: View of the repeating unit in cross-section, viewed from the minus end. The PFs of 
the microtubule are colored in light grey and numbered 1 to 13. The MT associated structures have been 
colored and labeled. The 3-D scale bar is 5 nm on each side. Panels b to e: the averaged data at planes b-
e as shown in panel a with the major structural features labeled. A = axis facing sheet, I = inner sheet, M = 
margin-facing sheet, CB = cross-bridge, SA = side-arm, and P = paddle. Scale bar = 5 nm. Panel f: The 
side views of 5 repeating units. The left image is an isosurface representation of the center facing side. The 
right image is the margin facing side. Scale bar = 5 nm. Figure adapted from Schwartz, C. et al, 2012 [84]. 
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Attachment to the Host 
 
The ability to resist peristaltic flow and avoid clearance from the preferred colonization 
site in the small intestine [1] is the principal challenge faced by Giardia trophozoites. In 
order to avoid clearance, Giardia has evolved the ability to attach to the surface of the 
hosts intestinal epithelial cells, on top of the microvilli [106,107]. In a mature infection, 
the intestinal epithelium will appear completely covered in attached trophozoites (Figure 
1.4, Panel A). Attachment of the trophzoites can be disrupted by changes in temperature, 
pH, and ionic strength, or lack of serum in the medium [106,108]. However, it is not 
known if this disruption is a result of the parasite’s response to these changes in condition 
or occurs involuntarily by interrupting an essential process or interaction.  
 
Attachment force  
Giardia cells generate significant attachment force to a surface. An attached cell can 
resist a detachment force of 1.5 nN [109]. Forces of 2.43 ± 0.33 nN or 12,500 x g are 
required to remove 90% of a trophozoite population from a surface [109]. Investigators 
carried out centrifugation experiments using attachment surfaces with different chemical 
properties: positive charges were added to glass cover slips using a poly-L-lysine coating; 
hydrophobicity was generated by coating with (tridecfluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane (similar to Teflon); and polyethylene glycol was used to 
generate a surface that would inhibit protein absorption [109]. Interestingly, Giardia cells 
attached well to all of these surfaces and there was very little variation in the force 
necessary to remove 90% of the population from the different surfaces [109]. This work 
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points towards a physical mechanism, rather than chemical-interaction based mechanism, 
for the generation of the principal attachment force. Instead, it has been proposed that 
chemical interactions might mediate a preference for different host cells lines [1,107].  
 
Proposed Mechanisms of Attachment 
 
There have been two principal physical models proposed as the mechanism by which 
attachment force is generated: the hydrodynamic model and the suction-cup model. The 
MT cytoskeleton, and ventral disc in particular, are central to both of these models.   
 
Hydrodynamic model 
The hydrodynamic model was originally proposed as a mechanism for attachment by 
Holberton in 1974 [65] and has been further researched by the Elmendorf group at 
Georgetown University. In this model the ventral disc is proposed to function as a rigid 
structure used to maintain a domed space under the surface of the cell. The ventral 
flagella beat constantly to create fluid flow in through a proposed gap in the lateral crest 
at the overlap zone. Fluid then flows around the disc and exits this space though a 
channel created between the two ventral shields. The constant flow of fluid under the 
ventral disc is hypothesized to generate negative pressure that would result in the 
adherence of the cell to a surface [65]. Fluid flow under the ventral disc has been 
observed by tracking the path of quantum dots contain in the Giardia medium. (Heidi 
Elmendorf: International Conference on Anaerobic Protists, 2012, unpublished data).  
 
  26 
 
 
Figure 1.7: The Hydrodynamic model of attachment. Panel A: The ventral surface of the cell is shown 
with all the morphological features labeled. Panel B: Negative pressure is generated by fluid flow under 
the ventral disc, labels are the same as in panel A. Water is pulled in through the marginal groove (mg), 
travels around the edge of the disc and out through the ventral groove (vg).  The ventral flagella (vfl) bead 
in a sinusoidal motion generating the force for fluid flow. Adapted from House, S.A. et al, 2011 [80]. 
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However, it was demonstrated that the knockdown of PF16, a protein found in the central 
pair of the ventral flagella, slowed the frequency of the flagella beat [80]. If the 
hydrodynamic model were correct, a decrease in fluid flow rate should reduce the force 
of attachment. Centrifugation experiments carried out to measure the ability of 
trophozoites to resist detachment forces found there was no significant reduction in the 
attachment of cells treated with Morpholinos that blocked the translation of PF16 mRNA 
[80].  
 
The suction- cup model  
The suction cup model is again based on the generation of negative pressure. However, 
instead of constant fluid flow, the negative pressure comes from an increase in volume in 
an area of completely sealed off space. The Dawson Group has demonstrated that 
attachment of Giardia lamblia occurs in multiple stages [80] (Figure 1.8). Free 
swimming cells find an attachment surface by an unknown mechanism. First, attaching 
trophozoites will swim/skim along a surface, with the ventral flange, parts of the ventral 
shield and the lateral crest (Figure 1.7, Panel A) in partial contact [80]. Next, a lateral 
crest seal is achieved, where the entire lateral crest is in contact with the surface [80]. 
Attachment then processes to full lateral shield contact, where both the left and right 
lateral shields are in close contact with the surface [80]. Attachment is completed with 
bare area contact [80], completing the generation of negative pressure in a sealed area, 
like a suction cup. 
 
Though the mechanism by which the attachment force is generated is still not clear, there 
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is no doubt that the ventral disc plays a central role in both of the leading models 
proposed. This means the ventral disc is essential to the parasitic life cycle of Giardia.  
 
 
 
Figure 1.8: Stages of trophozoite attachment. TIRF microscopy was used to image the ventral surface in 
very close contact to the glass slide. Close contact is indicated by color, with red representing tight seal. 
Dark blue indicates no contact. The four stages of attachment including: swim/skim where the trophozoite 
makes light contact with the surface and still has forward motion; lateral crest seal is formed where the 
cytoplasm just under the edge of the ventral disc and lateral crest forms a complete contact, forward motion 
ceases; lateral shield contact is where more cytoplasm comes into contact with the surface on their side of 
the ventral groove; bare area makes contact in the center of the disc. Adapted from House, S.A. et al, 2011 
[80]. 
 
  
The Ventral Disc and Trophozoite Replication 
 
Attachment is central to the life-cycle of the trophozoite. Mitosis and cell division 
represents a rare time when the cell will detach from the epithilial lining of the gut of the 
host [76]. The ventral disc of the parent cell will disassemble as two new daughter ventral 
discs are built on the dorsal surface of the cell [76]. The mechanism and regulatory 
processes of ventral disc assembly are still unknown.  
 
The basal bodies of the flagella are involved in the formation of mitotic spindles of the 
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two nuclei.  The nuclei undergo semi open mitosis [76]. The basal bodies of the flagella 
form the MT organizing centers outside of the nuclear envelopes, which do not fully 
break down [76]. It is not clear how the flagella reorganize during or after cell division, to 
tightly associate with the ventral disc in the manner observed in the mature cells.  
 
Protein Composition of the Ventral Disc 
 
Even though the process of assembly of the ventral disc is still unclear, the protein 
components that associate to the ventral disc MTs are starting to be discovered. Until 
recently only 15 proteins had been identified which localized to the ventral disc. This list 
of 15 proteins can be divided into three types: the annexins, also known as alpha-giardins 
[110,111,112,113]; three striated fiber assemblins, a group which includes beta-giardin, 
delta-giardin and SALP1, which are thought to compose the MRs [114]; and a single 
novel protein, unique to Giardia, called gamma-giardin [115] also thought to be involved 
in the structure of MRs. Additionally, ERK1 kinase [116], aurora kinase [117] and two 
Nek kinases [118], all classically associated with cell cycle control [119,120], have been 
shown to associate with the ventral disc in a cell-cycle stage dependent manner. The 
transient association of these four proteins makes them unlikely candidates for being 
major structural elements of the ventral disc.  
 
Discovery of new disc associated proteins 
The Dawson Lab made a significant advancement in the understanding of ventral disc 
composition. Using a combination of “shotgun” proteomics and fluorescence tagging 
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experiments, they were able to add 18 new proteins to the list of components [121]. They 
used a modified version of Holberton’s extraction protocol [61] to isolate the MT 
cytoskeletons of the Giardia trophozoites [121]. The cytoskeletons were then subjected to 
trypsin digestion to produce peptide fragments. The peptide fragments were then 
separated based on mass-to-charge ratio, using liquid chromatography tandem mass 
spectrometry [121]. Information from the sequenced Giardia genome was used to 
identify the proteins that were likely to be present, based on the combination peptide 
fragments. 102 proteins were identified and 58 candidates were chosen for GFP tagging 
[121]. Protein hits annotated as, or homologous to, known nuclear or metabolic proteins 
were excluded [121].  
 
Taking advantage of Gateway technology (Invitrogen) [122] a library of putative disc 
associated proteins (DAPs) in pENTR plasmids (Invitrogen) was generated. These entry 
plasmids were then rapidly recombined with pDEST plasmids (Invitrogen) to create 
fusion constructs where the DAP protein was linked to a C-terminal EGFP tag. Using 
confocal fluorescence microscopy, 18 new proteins were identified that localized to the 
ventral disc and lateral crest when tagged with EGFP. Five of these DAPs are unique to 
Giardia, with no orthologs having been discovered in other organisms thus far [121]. If 
the unique DAPs are eventually found to be essential to the structure and function of the 
ventral disc array, they will surely be attractive targets for the development of new anti-
giardal compounds. In addition to DAPs, the Dawson lab also discovered numerous other 
proteins that localized to specific areas on other cytoskeletal components [121]. It is 
likely that these DAPs account for the densities observed in the ventral disc repeating unit 
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structure [84]. Unfortunately, it has not yet been possible to annotate this structure and 
discover which density corresponds to each DAP.  
 
Regions of the Ventral Disc 
Most interestingly, the DAPs did not localize to the whole disc in a uniform manner. 
Instead, each protein shows a specific pattern of localization to different areas or regions 
of the disc. This allowed the newly discovered DAPs to be separated into classes by their 
localization: localization to the whole ventral disc (including and excluding the ventral 
groove), the disc margin and lateral crest, and the supernumerary MTs snMTs [121] 
(Figure 1.9). The variance in localization strongly indicates that the ventral disc array is 
not uniform in structure and not composed of a single identical repeating unit.  
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Figure 1.9: Classification of DAPs discovered by the Dawson Lab. In each diagram the location of each 
class of DAPs is shown in red. vd MTs = ventral disc microtubules, sn MTs = supernumerary microtubules, 
vlf = ventral flagella, bbs = basal bodies, afl = anterior flagella, lc = lateral crest. The lower images are 
examples of the localization of each class of DAP. Green is the DAP-GFP fusion protein, red is anti-alpha 
tubulin, and blue is DAPI-stain, marking the position of the nuclei. * Although the DAPs in this class are 
currently thought to be localizing to the snMTs, evidence will be presented in chapter 3 that demonstrates 
this structure, in fact, the overlap zone. Adapted from Hagen, K.D. et al, 2011 [121]. 
 
 
 
Median Body Protein  
 
Median body protein (MBP) is a DAP that is unique to Giardia [121]. It localizes to the 
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most of the ventral disc, but particularly strongly to the overlap zone [121]. It was 
originally thought to localize to the median body, hence its misleading name. When MBP 
is partially knocked down with Morpholinos, the ventral disc loses its domed shape and 
becomes flattened [123]. The overlap zone also changes in structure to what is referred to 
as an “open” conformation [123] (Figure 1.10). Importantly, these structural changes in 
the ventral disc result in impaired attachment of the trophozoite cells [123].  Unique 
DAPs, like MBP, that are important to ventral disc structure and function represent 
attractive new targets for anti-giaridal compounds that could be both highly specific for 
Giardia lamblia infection and highly effective.   
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Figure 1.10: Morphology of ventral discs in cells treated to reduce expression of MBP. Panel A: 
Trophozoite cells treated with mis-sense morpholinos as a negative control. Panel B: Trophozoite cells 
treated with anti-MBP morpholinos to reduce MBP expression. The ventral discs show an open 
morphology, indicated by the white arrows. However, a corresponding increase in diameter of the disc is 
not observed. It might be that the phenotype is more complicated that a simple opening of the overlap zone. 
Adapted from Woessner, D.J., 2012 [123]. 
 
 
This recent work by the Dawson Lab inspired the high-resolution structural examination 
of the ventral disc that forms the main body of this thesis. It seemed that accurate 
information about the detailed structure of the arrangement of the ventral disc array and 
its component parts were not present in the current literature. This information is essential 
in order to place the newly discovered DAPs in context within the ventral disc structure 
and to eventually determine their individual functions within the array.  
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CHAPTER 2: INTRODUCTION TO MODERN ELECTRON 
MICROSCOPY AND IMAGE PROCESSING 
 
Advances in the field of electron microscopy over the last 25 years have allowed this 
research to build on and advance our understanding of ventral disc structures that were 
originally identified by Holberton in the 1970s and 80s 
[61,62,63,64,65,91,92,93,94,95,124,125,126]. Improvements have occurred in many 
areas of microscopy including sample preparation, instrumentation, automation, and 
image processing.  
 
Advances in Microscope and Detector Technology 
 
The basic set up of the electron microscope (Figure 2.1) has not altered much in recent 
years. However, individual elements of the scopes, such as the electron emission source 
and electron detectors, have been improved so that higher resolution information can be 
obtained.  
 
Beam generation from the FEG tip 
Modern electron microscopes set up for high resolution imaging use a field emission gun 
(FEG) tip to generate the electron beam [127]. The electron beam produced is narrower 
in diameter, up to three orders of magnitude brighter, and consists of a smaller range of 
electron energies than the beam produced by conventional tungsten or lanthanum  
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Figure 2.1: Schematic diagram of the modern electron microscope.  
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hexaboride filaments. The greater coherence of the beam generated by a FEG tip greatly 
enhances the signal-to-noise ratio and produces clearer Thon rings in the power spectrum.   
 
Energy filtering reduces noise 
An energy filter located between the sample and detector allows electrons carrying 
information that is not useful to image construction to be removed, helping to enhance 
the single-to-noise ratio of low contrast samples [128,129,130,131]. The energy filter is 
used to select for electrons in the zero-loss peak. These electrons have been elastically 
scattered by the sample and their phase shifts carry the useful information that will form 
the image [128,129,130,131]. Plasmon resonance electrons and electrons from the atomic 
core-loss peak are filtered out as they do not carry useful information for imaging and 
contribute towards noise in the sample.  
 
CCD detectors allow real-time image collection and digitization 
The development of charged-coupled device (CCD) detectors have removed the need for 
the use of film in TEM. In the TEM beam, electrons first interact with a scintillator to 
produce photons that can be detected by the CCD [132]. Fiber optics then delivers the 
photons to an array of single pixel sensors formed by an integrated circuit etched onto a 
silicon surface. The potential well in each pixel collects incoming photons, converting 
them to electrical charge [133]. Each pixel can only hold a finite amount of charge so that 
the array can be saturated and no more information can be obtained from continued 
exposure [133]. After image collection pixels are read out sequentially as charge is 
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transferred through the array. The charge is converted to digital information proportional 
to the sum of the electrons present at each pixel [132,133].  
 
The use of CCD detectors allows images to be displayed on a computer monitor in real 
time, increasing the efficiency of collection. The images are already digital and therefore 
can be directly transferred for image processing, without an intermediate scanning step 
that was necessary when micrographs were collected on film.  
 
Future of EM with direct electron cameras 
Direct electron detectors eliminate the need for the scintillator that converts the beam 
electrons to photons. Direct electron detectors are also able to directly count individual 
incoming electrons rather than converting the sum of the charge to binned digital 
information [134]. These cameras have higher quantum efficiencies that produce better 
contrast at low spatial frequencies [134]. This means that cryo-imaging can be carried out 
closer to focus and better resolution can be achieved [134]. These new detectors represent 
the future of high-resolution imaging.  
 
 
Electron Tomography 
 
Electron tomography is the computational 3D reconstruction of a specimen from a series 
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of aligned projection images. In the electron microscope, there is such a large depth of 
focus [135] that a single image is essentially the result of the sum of the electron 
interactions with all levels of the sample along its Z-axis. It is not possible to determine 
the orientation of the sample on the grid or if there are multiple objects obscuring each 
other in Z [133] in the final image. Computing a tomogram overcomes this problem and 
allows the object or area of interest to be rotated and sliced computationally, allowing it 
to yield more useful structural information. In order reconstruct a 3D volume, the object 
must be imaged from different orientations. In tomography, this is done by acquiring a tilt 
series.  
 
A tilt series of projection images  
Acquiring a tilt series involves tilting the stage around a central tilt axis that is 
perpendicular to the optical axis of the beam [135]. Imaging is carried out sequentially at 
regular tilt angle intervals; usually small intervals from 1o up to 5o apart [133]. In order to 
do this, a stable tilting stage is needed and the microscope must be well aligned so that 
the imaging area remains eucentric, to prevent magnification and defocus changes from 
occurring down the central axis at different angles of tilt. Ideally, the sample would be 
imaged through 180 o [133], as is the in case in of a X-ray based computed tomography 
(CT) scan and medical imaging. This is not possible in the electron microscope due to the 
thickness of the sample [133], plus it’s supporting grid and holder. The maximum angles 
of tilt that can be used to obtain useful information are +/- 70 o [135,136,137], though 
going beyond +/- 60 o is not appropriate for most samples because they are too thick and 
receive too much damage from the increase in total dose needed to acquire the extra 
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images.  
 
This means that every tilt series and reconstructed tomogram, will have a portion of the 
projection information missing [138]. In Fourier space, the missing information forms a 
characteristic shape, named the “missing wedge” [133,135,138]. This missing 
information causes a loss of resolution along the Z-axis in the real space reconstruction 
[133,135,138] (Figure 2.2).  
 
Software, such as SerialEM, allows the automatic acquisition of a tilt series [139]. After 
initial set up by the user, SerialEM tilts the stage automatically, tracks the stage position 
to make sure the area of interest is still in the field of view and that the position of the tilt 
axis is maintained, adjusts the Z-height so that target defocus is maintained, measures 
drift and controls beam intensity and dose [139].  
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Figure 2.2: Tomographic reconstruction of tilt series data containing a missing wedge. (a): By tilting 
the sample projection images are collected from different angles. This procedure provides views and 
information about the sample that cannot be obtained from a single projection image. (b): A 3D 
tomographic reconstruction is computed from the aligned tilt stack of information. (c to d): An image of 
the famous writer and politician Johann Wolfgang von Goethe use used to illustrate the effect of the 
missing wedge on the reconstructed tomogram. (c): A 2D image of Goethe representing a slice from a 3D 
object, oriented perpendicular to the tilt axis in the EM. (d): A projection of the 2D object shown in c. The 
distribution of densities represented, in light and dark, result from the summation of all vertically aligned 
components in image c. (e): A computationally reconstructed image of Goethe obtained from back 
projecting a tilt series of image c, if projections were obtained over 180o at increments of 2o. This 
reconstruction is missing comparatively little data and could only be improved by decreasing the increment 
size between images. (f): A reconstruction of Goethe representative the imaging limitation generally 
imposed in the EM. The projections represent images from + 60o to -60o, with the same increment as in e. 
Because of the missing wedge of data the quality of the reconstruction is anisotropically degraded. 
Structural elements of Goethe composed mostly vertical information, such as the shoulders, nose and ears 
are still sharp. However, horizontal structures, like the mouth and brows, are poorly defined. Adapted from 
McIntosh, J.R. et al, 2005 [138].  
 
 
3-D reconstruction 
Digital projection images can be reconstructed computationally into 3-D volumes using 
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specialized software. The Boulder Lab for 3D EM of Cells developed IMOD [139] for 
this purpose. This software is a powerful tool for aligning the tilt stack of projection 
images and calculating and constructing the best estimate of the 3D arrangement of the 
specimen.  
 
The first stage of image processing is the computational removal of X-rays from the 
images of the tilt stack. High energy X-rays will cause saturation of the CCD pixels and 
“bloom” into neighboring pixels. This can obscure useful information in the 3D 
reconstruction and can distort the dynamic range of the image.  These pixels are removed 
by smoothing the very high and low values to match the surroundings.  
 
Next, a rough alignment of the stack of images is computed based on the correlations of 
the densities in the projections. The actual calculations are carried out in Fourier space. A 
fiducial model is then generated so that the images can be aligned precisely. There are 
multiple ways to generate this model. The most accurate alignment is produced from a 
fiducial model of real fiducial particles within each image of the tilt stack. These fiducial 
markers are small gold particles of a defined size which are included in the specimen 
preparation. They produce very dark areas on the images. A model of the positions of 
these particles can be generated automatically or by hand. The fiducials are then tracked 
through the image stack and the images are aligned so that the path of each fiducial is as 
close to ideal as possible. R-weighted backprojection is then used to compute the 3D 
volume from a series of 2D images taken from different angles [133,140,141]. In order to 
compute the alignment, the 2D projection images are effectively smeared along the axis 
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of the beam [141,142] and summed at points of intersection [142]. Weighted back 
projection algorithms also filter intensities to that low frequencies are not over 
represented in the final reconstruction [142].  
 
Maintaining correct handedness  
ET has classically been used to image cellular components, most of which do not have an 
innate handedness visible on the scale at which they are being imaged [143,144]. Now 
that the available technology (direct electron detectors), sample preparation and 
computational handling of data (subvolume averaging) have increased resolution closer 
to the atomic scale [145,146], the maintenance of correct handedness of the object of 
interest in the final 3D reconstruction must be considered [143]. If handled incorrectly, 
the final 3D volume will be the mirror image of the true volume in the sample [143]. 
Handedness was an important consideration for this research as the ventral disc is one of 
only a few large macromolecular arrays to have innate handedness in the large structure; 
and structures from the ventral disc were obtained with resolution greater than 5 nm using 
subvolume averaging [138,143].  
 
The apparent handedness of the object of interest in the 3D reconstruction is influenced 
during data collection, computational reconstruction of the tomogram, and the display of 
the object relative to the perspective of the user [143]. The microscope effect of 
magnification changes have been calibrated with the software used in the Boulder 
Laboratory for 3D EM of cells to ensure the maintenance of correct handedness of all 
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data obtained and processed here.  
 
Montaging Allows Large Area Imaging at Higher Resolution 
 
Montaging is a way to obtain higher magnification tomograms, of small and detailed 
components of a system within a large X,Y area where context is important. This 
technique was essential for acquiring the information that allowed the layout of the MT 
array of the ventral disc to be determined (Chapter 3).  
 
Acquiring a Montage 
Montaging can be used to obtain large tomograms at high magnification. Normally, as 
magnification is increased, the field of view is reduced [135]. Instead of taking one image 
at a lower magnification so that all the area of interest is contained within the field of 
view, many sequential overlapping images are acquired at a higher magnification so that 
the whole area of interest is imaged. This is repeated at each angle of tilt to create a tilt 
stack. It must be considered that areas where the images overlap can receive up to four 
times the dose of each individual image at each angle of tilt. This technique is most 
amenable to samples prepared by resin embedding or negative stain that can withstand 
more dosage before beam damage significantly alters the structure of the object. 
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Reconstruction of a montage of tomograms 
A montaged tilt stack is reconstructed into a 3D volume just like a normal tomogram, 
except extra processing steps are required to optimize the alignment of the overlapping 
images. Alignment can be difficult because of unpredictable distortion effects, especially 
at the areas of image overlap to due to sample warping and other complex optical 
aberrations [147]. Mass-loss in these areas can also result in distortion and make final 
image alignment more difficult, especially if surface fidicual markers are used that do not 
reflect changes in the interior of the sample [147].  
 
 
Cryo- Electron Tomography 
 
Cryo-electron microscopy (cryo-EM) was originally developed in 1984 by Jacques 
Dubochet’s group at the European Molecular Biology Laboratory (EMBL). The idea 
behind this method is to preserve the sample in a condition as close to native as possible 
while still allowing it to be imaged under vacuum and exposed to radiation.  
 
Sample preparation for cryo-electron microscopy 
Sample preparation for cryo-EM involves adding a small volume of the sample solution 
to a suitable support film on an EM grid. The grid is then blotted so that much of the 
solution is removed and only a thin film remains. Before a significant amount of 
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evaporation can occur, the sample is plunged into a very cold liquid ethane/propane 
mixture with a high specific heat capacity, in order to induce rapid freezing. The aim of 
the process is to freeze the sample so quickly that the ice is vitreous and the sample is not 
damaged by the formation of ice crystals.  
 
Traditional methods of sample preparation for EM often involved chemical fixation and 
heavy metal staining to increase contrast, and even drying. This was appropriate in the 
cellular context where large structural features were preserved well enough to image. 
However, structures, for example protein complexes, in the nanometer range, were 
significantly altered by these methods of preparation. The contrast from stained samples 
results from scattering of the electrons by the large atoms of the stain and therefore 
provides indirect information on the object of interest [138]. 
 
Limitations of cryo-electron microscopy 
Even though cryo-EM allows for the collection of images of biological objects as close to 
the true solution structure as possible, there are drawbacks to the technique. First, sample 
preparation, handling and imaging are more difficult than with traditional EM. A well-
trained and skilled user is required to obtain high quality data.  
 
The principal limitation with images obtained from cryo-EM is the very low signal to 
noise ratio. This results from two properties of the sample. The first is that only a low 
dose of electrons can be applied to the sample before it is damaged beyond the point of 
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being useful by ionization caused by the electron beam [148]. Plunge frozen samples are 
not protected by fixation, stain or resin, and are quickly damaged by the radiation of the 
beam. Applying fewer electrons means that less information can be obtained to form the 
images verses the background noise.  
 
The second problem stems from the chemical composition of the sample and the absence 
of heavy metal stain. The brightfield contrast in the final image is constructed from two 
different types of contrast that result from elastic scattering of electrons [148]. As the 
electrons pass through the sample their path will be altered, if they pass close enough to 
the nucleus of an atom to be effected by its attractive force.  
 
The first type of contrast is from electrons that, after interacting with the sample, were 
scattered at an angle larger than will allow them to pass through the objective aperture 
[148]. This is known as scattering contrast [148] and mostly results from the presence of 
heavy atoms with large nuclei (such as those found in stains and fiducial particles). The 
electron is physically prevented from reaching the detector and the absence of signal 
produces a dark area in the final image (Figure 2.3).  
 
Contrast also comes from interference between the scattered wave and the incident 
(electrons not scattered by any atomic nuclei) wave at the point where the image is 
formed [148]. This is known as phase contrast and results from electrons that are 
scattered by the sample, but not at an angle so large that they cannot pass through the  
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Figure 2.3: Types of electron scattering that result from interaction of the beam electrons with the 
atoms of the specimen. Adapted from www.biologicalelectronmicroscopy.com 
 
objective aperture. Biological samples are composed of light elements including carbon, 
hydrogen, oxygen, nitrogen, sulphur, phosphorous etc. Because of the low atomic mass 
of these elements, the structures in the sample do not cause large angles of scattering of 
the electrons of the beam. In fact, the biological information in the images results mostly 
from phase contrast from the difference in mass between the sample and the buffer 
solution it is contained in [138], and comes directly from the object of interest.  
 
In order to increase the contrast, cryo-samples are often imaged under focus. These 
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negative defocus values increase the contrast of the image by adding an additional phase 
shift to all electrons that interact with the sample relative to the incident beam that results 
from the lack of perfect focus at the sample. This extra contrast makes the material 
present distinguishable from the background. However, if not corrected for can result in a 
distortion of the true structure in the final tomographic reconstruction.  
 
Contrast Transfer Function Correction 
 
The brightfield image formed from a sample in the electron microscope is modulated by 
the contrast transfer function (CTF). The only parameter of the CTF that the user can 
control is the defocus value (Figure 2.4). Altering this value will change the contrast and 
will emphasize different features within a sample, depending on the value chosen. The 
CTF causes the phases to oscillate between -1 and +1 as the spatial frequencies change 
from low to high. When the function crosses zero the contrast is inverted and, instead of 
yielding interpretable data, it detracts from the amplitude of the information in the 
micrograph.  
 
CTF correction attempts to computationally recover information about the sample lost 
where the CTF function has dropped below zero. IMOD carries out CTF correction using 
a method known as phase flipping [149] where the contrast of the information in these  
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Figure 2.4: Images of carbon film collected using different defocus values. The CFT for each image 
shown in reciprocal space in the lower row. Left: Carbon film imaged using 0.5 µm defocus. The Thon 
rings are clearly visible in reciprocal space demonstrating how the CTF oscillates between 1 and -1. The 
frequency of oscillation increases at high spacial frequencies. Middle: An image of the carbon film taken at 
1 µm defocus. The film appears to have more surface features. The lower image shows the effect of the 
increased defocus value on the frequency of oscillation of the CTF in reciprocal space. The higher the 
defocus value, the more often the CTF drops below 0. Right: The carbon film has been imaged with a non-
round or astigmatic beam. The distortion of the image is easily visible in reciprocal space. The Thon rings 
are elongated along the axis (b) perpendicular to the long axis of the ellipsoid beam. Adapated from Orlova, 
E.V. et al, 2011.  
 
regions is effectively reversed [150,151,152]. In order to do this for a tomogram, the 
parameters described above must be known for the individual microscope used to acquire 
the tilt stack. It is also necessary to calculate an accurate value for the defocus over small 
ranges of tilt angles.  
 
When the CTF is corrected for, the signal to noise ratio is increased slightly, improving 
the quality of the tomogram [153]. This correction prevents distortions in the final 3D 
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reconstruction resulting from the relatively high defocus values used in cryo-EM [153].  
 
Subvolume Averaging 
 
Subvolume averaging a computation method that allows higher resolution information to 
be obtained from cryo-ET with a poor signal-to-noise ratio [103,154]. The objects of 
interest used for subvolume averaging are often contained within a larger cellular 
volume, or in the case of this research, exist along the length of cytoskeletal tubular 
structures. In the case of the ventral disc, the repeating structures exist along the length of 
a MT and therefore cannot exist as individual isolated units. This means that single 
particle methods cannot be employed as individual 2D projection images, containing the 
structure of interest in many different orientations cannot be obtained. Instead, ET must 
be used, as the objects of interest are continuous and are biased to a limited range of 
orientations or cannot be purified to homogeneity from the larger cellular environment 
[154].  
 
3-D information is obtained instead by tomographic reconstruction described above. The 
maximum resolution that can be obtained in practice from a single un-averaged object in 
a cryo-tomogram is approximately 5 nm or 50 angstroms [154], high resolution 
information exists within the volume but is not interpretable because it is obscured by the 
high level of background noise. Aligning and averaging many of the same objects 
together improves the signal-to-noise ratio and resolution of the structural features of the 
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object.  
 
After objects of interest within the larger tomogram volume are identified, they can be 
averaged together in an iterative process [154,155]. The subvolumes are aligned to a 
reference and an averaged structure is generated. This structure functions as a reference 
for further rounds of alignment refinement [154,155]. Eventually a stable structure is 
converged on so that no changes occur and no more refinement is necessary [154,155]. In 
order to converge on the correct final structure, it is often necessary to use a missing 
wedge correction to decrease the bias from of the missing wedge of data in the alignment 
in Fourier space [155,156]. 
 
Averaging subvolumes together increases the signal-to-noise ratio significantly [157]. 
The signal is amplified, whereas the noise cancels out and is decreased, increasing 
resolution [157]. Additionally, if the orientation of the object of interest is different 
within each subvolume, the missing wedge and distortion will be present in a different 
area of the structure. Averaging the subvolumes can fill in some of the missing 
information and compensate for the missing wedge, making the resolution of the final 
structure closer to being isotropic [154]. These improvements usually yield structures 
with resolutions of approximately 2 nm, when no other methods of structural solution are 
used to assist [154].  
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Limitations of Subvolume Averaging  
There are some important limitations to the types of data that are suitable for subvolume 
averaging and to the way the results should be interpreted.  
 
An important consideration is that the first step of any alignment is the definition of the 
subvolumes by the user. This means that the single objects to be averaged must have 
sufficiently large lower resolution structures, with sufficient contrast so they can be 
distinguished from other material within the tomogram by the user [154]. Beyond this, it 
is important that the user is able to define the orientation of an asymmetrical object 
within the larger volume. This greatly improves the initial alignment and decreases the 
search angles required to achieve alignment, reducing computational time.  
 
Another important consideration is sample heterogeneity. To be suitable for subvolume 
averaging the sample should be as homogeneous as possible. The alignment is based on 
correlation of densities in different subvolumes, so that the signal-to-noise ratio is 
improved so that structures are revealed that are not obvious in a single subvolume. If 
there are variations between the subvolumes, the heterogeneous elements will not be 
enhanced and will not appear in the final structure. Averaging a sample with large 
amounts of heterogeneity will fail to yield a useful result.  However, if the variation 
exists as distinct structural conformations it may be possible to identify sub-classes of the 
structures that could not be identified by eye [157].  
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Ultimately, the resolution of any structure that can be obtained from averaging is limited 
by a number of factors: the quality of the tomographic data, where things like thickness 
of the sample can limit the resolution; the flexibility and therefore heterogeneity of the 
objects in the subvolumes; and lastly the amount of imput data available [154]. In 
general, the more subvolumes that can be averaged the better the resolution of the final 
structure. In order to increase the amount of data, subvolumes from multiple tomograms 
can be included in an average. However, this can increase sample heterogeneity due to 
sample preparation and imaging condition artifacts.  
 
An important limitation in the computation of subvolume averages is reference bias, 
where the final structure tends to resemble the initial reference, even if it is not a good 
representation of what is present in the individual subvolumes. There are several ways to 
minimize reference bias: these include using an initial reference with no structural 
features, composed of pure noise or using a multi-particle reference so that the initial 
reference does not come from a single subvolume, but from an initial cautious alignment 
of subvolumes that are randomly selected. Reference bias can be checked for by using 
different starting references [154]. The same data should always yield the same final 
average structure when different starting references are used.  
 
Another computational issue that can arise from subvolume averaging is over-alignment. 
Over-alignment can produce a result that does not represent the true structural features, 
but instead a structure built from the noise aligning against itself in a reinforcing manner 
[154]. This can be avoided by using starting references containing only low resolution 
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structural features, such as those that can be identified in the raw subvolumes, with high 
resolution information only being visible in the final structure after averaging [154].  
 
Over-alignment and reference bias can be ruled out by running up two independent 
averages from a single set of data that has been divided randomly [154]. The two new 
data sets should be treated completely independently and if reference bias and over-
alignment are not a problem then the two results should be identical [154]. 
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CHAPTER 3: Architecture and Organization of the Ventral 
Disc Array 
 
 
Introduction 
 
Previous research completed by Holberton between 1974 and 1986 
[61,62,63,64,65,91,92,93,94,95,124,125,126,158] provided information on the structure 
and composition of the ventral disc of Giardia muris and Giardia lamblia. Holberton 
established several important aspects of ventral disc organization and composition. 
Holberton studied thin sections of Giadia trophozoite cells using EM. He established that 
most of the ventral disc exists as a single layer of MTs with long MRs extending towards 
the dorsal surface [61,62]. Holberton was also the first to describe crossbridges between 
the MRs [63,95]. Holberton developed the detergent extraction technique, which was 
refined and applied in this study [61], to image negatively stained ventral discs, 
discovering that the MTs are organized into a right-handed overlapping spiral [61].  
 
Thanks to the development of modern EM 3-D analysis methods, such as tomography 
[159] and montaging [160,161], multiple ventral discs were imaged and reconstructed in 
3D. These reconstructions provided sufficient resolution to easily distinguish between the 
individual MTs and visualize the major structural features of the ventral disc, while 
maintaining the context of the intact array (Figure 3.1 and Figure 3.2). In total, six 
different ventral discs were imaged, reconstructed and modeled. The results presented 
below come from data obtained from all six ventral discs. To avoid confusion the same 
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ventral disc will be used as an example in the figures in chapters 3 and 4.  
 
It is hoped that the information about the overall architecture and the arrangement of the 
MTs within the array will serve as a foundation and an accurate context for further study 
of the ventral disc. In addition to providing a full structural context this work will correct 
a few misconceptions that exist in the current literature.  
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Figure 3.1: Extracted cytoskeleton and ventral disc of a Giardia lamblia trophozoite. A 2x2 montage 
EM image of an extracted cytoskeleton. A dark shadow was artificially added to the image to show where 
the outline of an intact cell would be. The ventral disc is outlined with a dashed purple line. The dense 
bands are colored yellow and the basal bodies are colored green. The nuclei are colored brown and labeled 
with N. The positions of the flagella pockets are outlined with light orange circles. The marginal plate is 
marked with a blue *. OZ = overlap zone, AF = anterior flagellum VF = ventral flagellum PLF = posterior-
lateral flagellum CF = caudal flagellum. Scale bar = 2 µm. This image demonstrates how well most 
cytoskeletons survive extraction and how many of the components observed in intact cells still associated 
with one another in their native arrangement.  
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Figure 3.2: Extracted ventral disc of a Giardia lamblia trophozoite. 180 nm thick tomographic slice 
from a 4x4 montaged tomogram of an extracted and negatively stained ventral disc. The ventral disc is 
outlined with a dashed purple line. The nuclei (N) are colored brown. The basal bodies are colored green. 
The dense bands are colored yellow. The snMTs are colored blue. OZ = overlap zone, AF = anterior 
flagellum VF = ventral flagellum PLF = posterior-lateral flagellum CF = caudal flagellum.  Scale bar = 1 
µm. Montaging has allowed a large ~ 10 µm in diameter array to be imaged at a magnification height 
enough to resolve the individual MTs of the array and determine the overall architecture and organization 
of the ventral disc MTs.  
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Brief Materials and Methods 
 
Giardia lamblia trophozoite cells were cultured and their cytoskeletons were gently 
extracted using a combination of detergent and physical stress from vortexing and 
sonication. The extraction protocol was optimized to reduce damage to the cytoskeletons, 
keeping as many components present and keeping the ventral discs as intact as possible 
(Figure 3.1), without the use of fixatives.  
 
The cytoskeletons were negatively stained using aurothioglucose. The cytoskeletons were 
imaged at 18,000 X nominal magnification, so that individual MTs could be 
distinguished. A 4x4 montage was used so that the whole ventral disc could be visualized 
as a complete unit in a single tomogram. The tomogram was reconstructed and modeled 
using IMOD software. A single model contour was placed along the full length of each 
MT to allow as much information as possible to be extracted from the 6 disc models that 
were constructed.  
 
Advantages and Limitations of Exaction of the Cytoskeletons and Preparation by 
Negative Stain  
The use of negative stain allowed quick and easy preparation of the extracted ventral 
discs without the use of crosslinking fixatives. The negative stain also provided excellent 
contrast so that protein was easily distinguished from the background in most areas of the 
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ventral disc. In the tomograms the protein density is white in contrast and the background 
is dark. This enhanced certain features, such as the crossbridges, which are difficult to 
distinguish without high contrast (See chapter 4, Figure 4.2 and chapter 5, Figure 5.1).  
 
A drawback to sample preparation with negative stain is the flattening of the protein 
structures, so that fine structural details cannot be observed. In the ventral disc, this 
resulted in a shortening of the MRs, and an alteration of the structural detail of the 
trilaminar sheets. Negative staining also meant that the side arms (a MT associated 
structure) could not be distinguished from the margin-facing wall of the MT.  
 
Using extracted discs and imaging using a 4x4 montage tilt series allowed all the MTs of 
the disc to be imaged in a single tomogram. An alternative approach would be to section 
resin embedded cells and reconstruct tomograms of each section, eventually building up a 
complete 3D reconstruction of the ventral disc. However, due to the complexity of the 
array, it was not possible to accurately join the serial sections in Z (Cindi Schwartz: 
personal communication).  
 
The use of extracted cytoskeletons does lead to some unavoidable structural changes in 
the ventral disc. The principal change is the loss of the domed disc conformation that can 
be observed in an intact cell [62,123]. During extraction the ventral disc flattens and 
some of the crossbridges may break [61]. It appears that flattening of the ventral disc 
causes some artifacts or “ruffling” in the MT in some areas of the disc (Figure 3.1 and 
Figure 3.4, panel A) 
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Results 
 
Supernumerary Microtubules 
The snMTs are MTs that are closely associated with the ventral disc (Figure 3.3), but do 
not form part of the main body of the disc. The function of the snMTs is unknown. It was 
previously thought that the snMTs are only present on a small percentage of ventral discs 
and possibly only present at certain times in the cell cycle [62,84]; however they were 
present on all of the discs imaged (N=8).  Similar to the ventral disc MTs, the snMTs 
nucleate at the microtubule organizing centers of the disc, the dense bands (DB) (Figure 
3.3). The DBs are strips of dense material organized into six curved bands (Figure 3.3, 
Panel C). Analogous MT organizing centers have been observed in other organisms in the 
Excavata kingdom, such as Saccinobaculus [51,52]. The dense material in this organism 
organizes the axostyle MTs [51,52]. The DBs in G. lamblia are arranged in two sets. This 
work has revealed that DB1, DB2 and DB3 always organize a large proportion of the 
ventral disc MTs (Figure 3.3, Panel A) and DB4, DB5 and DB6 always organize the 
snMTs (N=6) (Figure 3.3, Panel B).  
  
Each set of DBs is arranged like stairs (Figure 3.3, Panel C). The capped MT minus ends 
are closely packed side by side on the dorsal surface of the dense material. The step-like 
arrangement of the DBs means that the MTs form three overlapping sheets. This right set 
of DBs, that organize the snMTS, are located to the right and ventral (under) relative to 
the left DBs. This means that the snMTs extend between the two layers of ventral disc 
MT that form the overlap zone, and not above the main body of the disc as previously 
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thought.  
 
 
Figure 3.3: Location and organization of the snMTs. Panel A: The location of the snMTs in relation to 
the main body of the ventral disc. The snMTs are outlined with a dashed red line. The Overlap zone is 
outlined with a dashed blue line, and has been highlighted to illustrate the difference in location, size, and 
shape from the snMTs. The black dashed line shows the location of panel B. Scale bar = 1 µm. Panel B: A 
zoomed in view of the DBs and snMTs (red outline). AF = anterior flagellum. Scale bar = 500 µm. The 
left DBs (blue dashed outline) organize only ventral disc MTs. The right dense bands (dark blue dashed 
outline) organize the snMTs exclusively. The snMTs seem to mirror the organization of the ventral disc 
MTs, except that they extend between the two layers of the overlap zone, out towards the disc margin. 
Although there is some variability in the length, the snMTs were observed on all the ventral discs imaged 
(N=8). Panel C: A schematic diagram showing the organization of the DBs. The left DBs (blue), including 
DB1, DB2 and DB3, are slightly larger than the right DBs (red), including DB4, DB5 and DB6. The left 
DBs are also located above (dorsal) to the right set. The right side of the panel shows the stair-like 
arrangement of the MTs (green) projecting from the three dense bands (grey) of both sets.  
 
The snMTs roughly track the curvature of one of the anterior flagella that also extends 
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out between the layers of the overlap zone. The MTs of DB1, DB2, and DB3, and those 
of DB4, DB5, and DB6, are approximate mirror images though they are spatially 
translated (Figure 3.3). However, the snMTs remain in three overlapping layers and do 
not fan out into a single layer like the ventral disc MTs. The snMTs terminate much 
earlier (Figure 3.3, Panel A) than the MTs of the main body of the ventral disc and do not 
take on more extreme curvature like the MTs of the dorsal layer of the overlap zone 
(Chapter 4, Figure 4.4).  
 
The fact that the snMTs do not spread out into a single layer made accurate modeling of 
the individual MTs impossible. The MTs in this region were so densely packed that stain 
penetration was relatively poor, reducing contrast. Also, there was so much tightly 
packed material in this area that interpretable image detail was somewhat compromised, 
due to the increase in sample thickness.  
 
However, it was still possible to visualize the edge of the snMTs and to determine how 
far they extended (Figure 3.3, Panel A). The lengths observed between the six discs were 
variable, but the snMTs never extended beyond the margin of the disc. In fact, because 
they are so short, the snMTs cannot account for the large area previously observed by 
fluorescence confocal microscopy [121] (Chapter 1, Figure 1.9). The large structure 
observed was in fact the overlap zone (Figure 3.3, Panel A). The overlap zone is a much 
larger structure that extends around to the ventral groove. This is important to note as 
DAPs previously classified as localizing to the snMTs [121] more likely localized to one 
or both layers of the overlap zone.  
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The Architecture and Organization of the Main Body of the Ventral 
Disc 
 
Although various aspects of the ventral disc have been studied in the past, the overall 
arrangement of the MTs in the large array of the disc has not been determined until now 
(Figure 3.4).  
 
Large Scale Architecture of the Ventral Disc MTs 
All of the ventral discs that were modeled (N=6) formed a right-handed spiraling array, 
which agrees with previous studies [61,62]. With the exception of the area very close to 
the DBs, where three layers of MTs can be observed, the ventral disc is composed of a 
single sheet of MTs that spirals around and passes under itself. The ventral disc array is a 
highly organized structure: once a single layer of MTs is formed in the dorsal (upper) 
overlap zone no MT crossing over of the MTs can be seen. This is consistent with what 
Holberton described in the MT/MR complexes: the MTs are connected and spaced out by 
crossbridges that exist between neighboring MRs [61,62,63]. 
 
There are rare instances where MTs come very close or slightly overlap in the regions 
where “ruffling” in the extracted disc is observed. This crossover is transient and does not  
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Figure 3.4: Architecture of the ventral disc. Panel A: A model of all the MT/MR in the main body of the 
ventral disc shown in Figure 3.1. Each line is a single MT. DBN = dense band nucleation zone, OZ = 
overlap zone, VG = ventral groove. The light blue spheres mark MTs that nucleate at the dense bands. The 
yellow spheres mark MT that nucleate in clusters on the center edge. The dark blue spheres mark MT plus 
ends that terminate at the disc margin. The orange spheres mark MT plus ends that terminate in under 
another part of the disc. The dashed black line represents an area of uncertainty in the model. In that region 
the MT were so densely packed that the individual MTs could not be distinguished from one another. The 
model was extended to the most distal dense band along its previous trajectory to get the best estimate of 
length possible. The purple lines are seven example MTs that have been selected to be shown in greater 
detail throughout chapters 3 and 4. They will be a guide to orient the reader in this complex structure. They 
have been numbered 1 to 7 from the center to the margin. Scale bar = 1µm. Panel B: The purple lines 
represent the relative lengths of the example seven MTs. The colored boxes indicate where they nucleate 
and terminate. Yellow = center edge, light blue = dense bands, orange = ventral overlapping surface, dark 
blue = margin. Scale bar = 1.3 µm. 
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continue to other areas in the structure (Figure 3.4, Panel A). It is believed that these 
areas of crossover are an artifact from the extraction process and result from a relaxation 
of the disc when the domed conformation is lost. 
 
Structural features of the ventral disc: the overlap zone 
The area formed where the ventral disc spirals under itself is known as the overlap zone 
(Figure 3.3, panel A and Figure 3.4, panel A). The single sheet of MTs passes around and 
under to form two completely distinct layers that are not interwoven. The two layers are 
known as the dorsal overlap zone (upper, near the start of the spiral) and the ventral 
overlap zone (lower, at the end of the spiral).  The overlap zone was previously thought 
to be a relatively small structure where the MTs spiral overlapped just enough to close 
the dome. In fact, there is an extensive area of overlap that composes close to 30% of the 
ventral disc on average (N=6) (Chapter 4, Figure 4.1, Panel B). The ventral overlap zone 
extends under and around the disc (Figure 3.4, Panel A). However, the exact point of 
termination and extent of curvature was one of the more variable aspects between the six 
ventral discs examined. Two of the six ventral overlap zones terminated just prior to the 
ventral groove, two terminated at the start of the ventral groove and two extended beyond 
the ventral groove towards the basal bodies and terminated in the center of the ventral 
disc (data not shown).  
 
The variation in size and shape of the ventral surface of the overlap zone may be natural 
or another artifact of extraction. No structural connections were observed between the 
dorsal and ventral overlap zones in either the negative stained ventral disc tomograms or 
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those that were imaged using cryo-ET (Chapter 5, Figure 5.1). It is then possible that the 
shape of the ventral overlap zone is maintained purely by curvature of the MTs and/or the 
crossbridges between the MRs. Because the ventral layer of the overlap zone is not 
anchored directly to the rest of the array, it might experience slightly more damage from 
physical stress during extraction. This damage leads to breakage of the long crossbridges 
that exist between the widely spaced MRs (described in Chapter 4), which could result in 
a tendency for this area to shift and deform slightly during extraction.  
 
Structural features of the ventral disc: the ventral groove.  
The ventral groove is a region of the ventral disc that passes under the ventral, posterior-
lateral and caudal flagella. In the domed disc, this area dips down and around the flagella. 
In the six extracted ventral discs, the majority of the dip in Z was lost when the doming 
relaxed, even though the flagella were still present and located over this region. The 
characteristic curving of the MTs towards the center of the disc and the close packing of 
the MTs/MRs is still maintained (Figure 3.4, Panel A).  
 
Structural features of the ventral disc: the disc margin.  
The outer edge of the ventral disc is known as the margin [84]. In the domed structure in 
an intact cell, the margin is steeply sloped and is composed of 4 to 9 MTs on the outer 
edge of the array (Figure 3.5, Panel A). When viewed in cross-section [62], the MTs are 
staggered relative to their neighbors. The domed ventral disc does not have a uniform 
curvature; it is shaped more like a Frisbee, flatter in the center and steeply sloped at the 
marginal edges [62]. The marginal edge is one of the most robust structural features in 
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the ventral disc, with close packing of the MTs being maintained in the extracted discs 
(Figure 3.3, Panel A), likely by extensive crosslinking by larger and thicker crossbridges 
[84].  
 
 
Number, Length and Organization of MTs within the Ventral Disc 
Array 
 
 The ventral disc was previously estimated to contain ~50 MTs [84] determined by 
counting the MTs in a cross section. In fact, it was found that the main body of the disc is 
composed of an average of 95 ± 5 individual MTs, which is almost double the previous 
estimate. The ventral disc shown in Figure 3.4, panel A contains 94 MTs (N=1). In order 
to form the disc spiral, MTs terminate at regular intervals around the margin (Figure 3.4, 
Panel A). It is therefore not possible to gain an accurate count of the number of MTs in 
the disc from a single cross section.  
 
In order to form the spiral from a single sheet of MTs, and also to achieve a roughly 
circular disc, the MTs of the disc vary substantially in length depending on their position 
in the array. Seven MTs (Figure 3.4, colored purple in panel A and panel B) that are  
evenly spaced throughout the ventral disc (N=1) were chosen to provide a simplified 
example of the MT length trends that can be observed in the ventral disc.  
 
The length of each MT in the six discs was determined by accurately modeling the 
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MT/MR complex from its minus end to its plus end. The excellent contrast provided by 
the negative stain meant that it was easy to distinguish between each individual MT in all 
areas of the ventral disc, except near the DBs. In this area, there are three layers of MTs 
that are very densely packed, leading to poor stain penetration. This issue was 
compounded by the additional material of the DBs, the snMTs and the ventral overlap 
zone, increasing the thickness of the sample. This made it impossible to accurately follow 
the path of the individual MTs near the DBs.  
 
In order to gain a better estimate of length, each MT was modeled in a plus- to minus- 
end direction in the dorsal overlap zone to the point where it entered three layers near the 
DBs. The contour was then artificially extended to the nucleation sites on DB3, along the 
trajectory at which it entered the three layers. The distance between the three DBs was 
measured at multiple locations and the mean average was determined. The result was 
then subtracted from the length of each contour in this region, so a more accurate 
estimate could be made of total MT length, assuming that an approximately equal number 
of MTs nucleated at DB1, DB2, or DB3. The average length uncertainty was 84 ± 4 nm 
(N=6), which is relatively small compared to the total length of each ventral disc MT 
(Figure 3.4, Panel B).  
 
The longest MT from each disc extends from the DBs and terminates at the anterior of 
the disc, in the margin, just before it passes under itself to form the ventral overlap zone. 
The longest MT in the ventral disc (figure 3.4, panel A) is located between example MT3 
and MT4 (Figure 3.4, Panel A).  The average length for the longest MT is 18.36 ± 0.75 
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µm (N =6). This is ~1.2 times longer than the cell itself, based on a 12 µm estimate of 
cell length [162].  
 
The shortest MT in the ventral disc is usually located either on the center edge (33% of 
the ventral discs) or in the dense bands nucleation zone right up against the anterior 
flagella (50% of the ventral discs). In one disc the shortest MT was located in the middle 
of the main body of the disc (17% of the ventral discs) (N=6). This was either the result 
of a rare MT that nucleates in an atypical location or a rare broken MT that was damaged 
during sample preparation.  
 
The average total length of MT in the main body of a ventral disc, accounting for DB 
uncertainty, is 1.23 ± 0.05 mm (N=6) (Table 3.1). To put this in context, this is the length 
of ~102 trophozoite cells (from head to tail of the tear drop) arranged end to end. The 
highly organized array packages a total of 1.22 mm of MT to be packaged into a disc 
that, in an intact cell, is approximately 6 to 8 µm in diameter. The large amount of protein 
(tubulin, MRs proteins and DAPs) that is needed to build a structure this large represents 
a significant investment of cellular resources and emphasizes the importance of this 
structure to the trophozoite form of Giardia.  
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The Organization, Location and Morphology of MT Minus- and Plus-
ends in the Ventral Disc 
 
There are two principal sites for MT nucleation in the ventral disc, at DB1, DB2 and 
DB3, and on the center edge of the array. The DBs are where 59 % (N=6) of MTs 
nucleate. The minus ends are arranged side by side on the DBs and have a capped 
morphology [44,84]. The capped ends narrow to a point (Figure 1.5), which is rounded 
by the stain condensation (Figure 3.5, panel C).   
 
The second site for MT nucleation is on the center edge of the disc (Figure 3.5), where 
39% (N=6) of the MTs originate. In this area, the MTs nucleate in small clusters. The 
morphology of the center edge minus ends is different from the capped minus ends 
observed at the DBs. In the negative stain long tapered ends can be seen (Figure 3.5, 
panel D). These structures result from the stain condensation of blunt minus ends with an 
overhanging MR. This morphology was first observed by Schwartz, C. et al., 2012 [84]. 
Until this work, it was not known that the blunt MT minus ends that have overhanging 
MR are located exclusively on the center edge.  
 
Lastly, 2% (N=6) of MTs appear to nucleate in the main body of the ventral disc. This 
category includes MTs that nucleate in the main body of the disc and rare broken MTs 
that were shorn during sample preparation.  
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Figure 3.5: A closer look at the location and morphology of the nucleation sites of the ventral disc 
MTs. Panel A: The model has been colored to show how the location of MT nucleation and MT 
termination are related. The dense band nucleating MTs (blue) terminate in blunt ends at regular intervals 
around the margin.  The center edge nucleating MTs (orange), terminate under the dorsal overlap zone and 
form the ventral layer of the overlap zone. The example MTs are labeled 1 to 7 (purple). Scale bar = 1 µm. 
Panel B: A zoomed in view of the two nucleation zones in the model. The left and right sets of dense bands 
(grey) form two MT organizing centers. The left set nucleate the blue ventral disc MTs, The dashed lines 
represent the locations of panels C and D in the model. Scale bar = 500 nm. Panel C: An example of MT 
organization at the left dense bands in a 24 nm thick tomographic slice. The MTs nucleate side by side, 
(example marked with a blue outline and a blue arrow) on top of the dense material. The dense bands are 
staggered like stairs (DB1 top, DB2 middle, DB3 bottom), so that three layers of MT are created. The three 
layers fan out to form the single layer of the ventral disc. The polarity of MTs is marked with a yellow plus 
and minus symbols. Scale bar = 50 nm. Panel D: An example of the clusters of center nucleating MTs in a 
24 nm thick tomographic slice. The polarity of MTs is marked with yellow plus and minus symbols. The 
minus ends appear to taper to a point (marked with orange triangles), the taper is due to the overhanging 
MR that extends beyond the blunt minus end of the MT (see Figure 1.5). Scale bar = 50 nm.  
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Nucleation sites relate to the location of termination 
The principal sites of nucleation (DBs and center edge clusters) correlate closely with the 
sites where microtubules terminate at their plus-ends (Figure 3.5, Panel A). 59 % (N=6) 
of MTs nucleate at the DBs and 58 % (N=6) terminate at regular intervals around the 
margin of the disc in blunt plus ends. The DBs MTs, colored blue in Figure 3.5, go on to 
form the vast majority of the margin around the disc (Figure 3.5, Panel A).  
 
39% (N=6) of MTs nucleate on the center edge in clusters and 41% (N=6) terminate in 
the ventral surface of the overlap zone, also in blunt plus ends. The vast majority of the 
ventral surface of the overlap zone is made up of center edge nucleating MTs (Figure 3.5, 
Panel A). This is potentially a significant result because the deletion of the center edge 
MTs from the models almost completely removed the ventral overlap zone and correlates 
well with the phenotype observed upon knockdown of MBP expression [123]. MBP is 
the only DAP knockdown discovered thus far that causes an impaired attachment of the 
trophozoite cell.  
 
The disc phenotype observed upon MBP knockdown was previously described as open, 
as it was thought that the “small” overlap zone in the disc had “opened” to produce a 
horseshoe like shape [123] (Chapter 1, Figure 1.10). However, it is unlikely that this 
description is accurate. It is now known that the overlap zone is a much larger structure 
that previously thought. The MBP knockdown discs do not show a significant increase in 
the diameter of the array or a displacement of the ventral surface of the overlap zone that 
would have occur upon the “opening” of such an extensive structure.  
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Instead, the conformation observed after anti-MBP Morpholino treatment could be 
explained by two phenomena. The first is the complete loss of the center edge MT from 
the ventral disc, resulting in the loss of the entire ventral overlap zone surface and a 
flattening of the array. The second is the loss of the MRs from the center edge MTs. 
Beta-giardin-GFP was used as a ventral disc marker in the study [123]. It was, therefore, 
not possible to distinguish the loss of MTs from the loss of MRs. Loss of the MRs from 
the center edge nucleating MTs might still result in a flattening of the array.  
 
In either case, MBP could provide a very promising drug target. MBP is unique to 
Giardia and its knockdown impairs attachment [123]. Ideas for testing this hypothesis are 
described in chapter 6.  
 
 
Summary of Results and Discussion 
 
The use of montaging and electron tomography allowed the complete ventral disc array 
to be imaged and reconstructed in 3D at a higher resolution than any previous study. The 
high contrast and high-resolution sample allowed a model of the arrangement of all 
MT/MR complexes to be constructed for six individual ventral discs. This model has 
provided new information on the quantity and length of MTs present, the morphology of 
ventral disc structures and the organization of MT nucleation in the array. This work has 
also served to correct a few misconceptions that have existed in the literature until now. 
The results of this chapter are summarized in Table 3.1. 
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Aspect of Ventral Disc Literature 
 
This Work 
 
snMTs large structure, rare 
 
small structure, nucleates at  
DB4, DB5, DB6, on every 
disc examined 
 
Overlap Zone small structure: actual overlap zone was mistaken for snMTs 
 
Large structure that constitutes 
33% of the ventral disc array 
and extends from the left 
dense bands to the ventral 
groove. 
 
MT number ~ 50 
 
95 ± 5 
 
Total MT length unknown 
 
1.23 ± 0.05 mm 
 
Sites of MT nucleation 
at dense bands and around the 
disc: specific organization 
unknown 
 
The ventral disc MTs nucleate 
at two principle sites: at DB1, 
DB2 and DB3 and in clusters 
on the center edge. 
 
Ventral Overlap Zone no specific details 
 
majority of ventral surface 
formed by center edge 
nucleating MTs 
 
 
Table 3.1:  A summary of the key results from Chapter 3 and how they relate to the current 
literature on ventral disc structure.   
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CHAPTER 4: Regions of the Ventral Disc 
 
Introduction 
 
In 2011 the Dawson Laboratory at UC Davis published work that demonstrated that the 
localization of MAPs (known as DAPs in the ventral disc) that associate with ventral disc 
MTs was not uniform across the array [121]. The results of the extensive fluorescence 
microscopy study revealed that there were common patterns of DAP localization across 
the ventral disc. This allowed the proteins to be classified by the area or region of the disc 
in which they were observed. Excluding flagella localization, they saw four major 
patterns: localization to the whole disc; localization to the marginal edge of the disc or 
lateral crest; localization to ventral groove or excluding the ventral groove; and lastly, 
localization to the overlap zone (which was originally mistaken for the snMTs in the 
published paper [121]). The natural continuation of this work was to examine the ventral 
disc regions revealed by GFP tagging to determine if structural differences could be 
observed.  
 
The six ventral disc tomograms provided the first opportunity for comparison of these 
areas in a high-resolution reconstruction of a complete ventral disc. Holberton established 
that there is a basic structural unit of the ventral disc consisting of the MT, the MR and 
crossbridges [61,62,63,64], which was confirmed by Schwartz, C. et al, (2012), who 
demonstrated the same structure with more detail and improved resolution [84]. When 
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the tomograms were examined it was found that there were obvious differences between 
distinct regions of the ventral disc.  
 
The different regions of the ventral disc were found to have different MR and crossbridge 
morphologies, variation in curvature of the MT/MR complexes, and differences in the 
lateral spacing of adjacent MTs. The regional variation was consistent across the six 
ventral disc tomograms that were examined. The structurally divergent regions localized 
the large structural features of the overall array and showed approximate correlation with 
the patterns observed with fluorescence microscopy. The improved resolution obtained 
from ET allowed six different regions to be identified.  
 
 
Results 
 
Based on characteristic differences in MT spacing, MT/MR curvature, and the length and 
morphology of the MRs and crossbridges six structural distinct regions were identified. 
These are: the dense bands nucleation zone (DNZ), the dorsal overlap zone (DOZ), the 
disc body, the ventral groove (VG), the ventral overlap zone (VOZ), and the margin 
(Figure 4.1, Panel A).  
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Location of the Regions 
 
The six structurally distinct regions localize to specific areas of the ventral disc (Figure 
4.1, Panel A). The first region is the DNZ. This region includes the MTs that extend from 
the DBs MT organizing center to the area where the MTs fan out from three layers into a 
single layer. This is the smallest region of the ventral disc, composing 5 % (N=6) of the 
total MT length (Figure 4.1, Panel B).  
 
The Dorsal Overlap Zone is the second largest region in the ventral disc, composing 17% 
(N=6) of the total MT length (Figure 4.1, Panel B). The DOZ begins at the point where 
three layers fan out to form a single layer (Figure 4.1, Panel A). The MTs in this layer 
pass over those of the VOZ and usually extend around close to or up to the VG (dip in the 
ventral disc where the flagella pass over the array (Chapter 3, Figure 3.4, Panel A). This 
region also includes some center edge nucleation clusters (Chapter 3, Figure 3.5).   
 
The disc body is the largest region in the ventral disc, composing 40% (N=6) of the total 
MT length (Figure 4.1, Panel B). Schwartz, C. et al. (2012) used cryo-ET, combined with 
subvolume averaging of the disc body, to obtain the first high-resolution structure of a 
repeating unit that composed the ventral disc [84]. The disc body is divided into 
approximately two halves by the VG and is the only region to exist as two separate parts 
(Figure 4.1, Panel A).  
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Figure 4.1 Regions of the ventral disc. Panel A: There are six structurally distinct regions in the ventral 
disc. The locations of these regions in the ventral disc are represented by different colors in the model, the 
regions are: Dense Bands Nucleation Zone (blue), the Dorsal Overlap Zone (cyan), Disc Body (grey), the 
Ventral Groove (green), Ventral Overlap Zone (pink), and the Margin (orange). The VOZ is formed when 
the ventral disc curves under itself and is located under the DOZ. It has been displayed to scale on the right 
of the main disc for clarity. The seven example MTs (purple) are labeled 1 to 7. Scale bar = 1 µm. Panel 
B: Shows the percentage regional composition the ventral disc (N =6) by MT length.  
 
 
The VG is located in the middle of the disc body (Figure 4.1, Panel A). In the VG, the 
ventral disc MTs pass under three pairs of flagella. In the intact cell, the array has a 3D 
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dip in the VG. In the extracted ventral disc, the 3D structure is lost but a 2D dip is still 
maintained. The VG makes up 14% (N=6) of the total ventral disc structure (Figure 4.1, 
Panel B).  
 
The two regions where ventral disc MTs commonly terminate are the VOZ and the 
margin, both of these regions are equal in total size and each make up 12% (N=6) of the 
total MT length (Figure 4.1, Panel B). As discussed in chapter 3, the VOZ is formed 
almost entirely from the center edge nucleating MTs. The VOZ is the only region of the 
disc located under another region (Figure 4.1, Panel A). 
 
The margin is composed of 4 to 8 MTs at the outer edge of the ventral disc (Figure 4.1, 
Panel A). It is the region where the majority of MTs terminate at approximately regular 
intervals. In an intact cell, the MTs are staggered relative to each other to form the edge 
of the shallow dome [62]. 
 
 
Characteristic Regional Spacing and Morphology 
 
As stated in the introduction, the six ventral disc regions were defined by structural 
differences. In this section the differences in MT spacing as well as MR and crossbridge 
morphology observed in the negative stain tomograms will be described in detail (Figure 
4.2).  
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Figure 4.2: 24 nm tomographic 
slices from six ventral disc regions 
(left column) and power spectra 
obtained from larger longitudinal 
sections through the MRs at each 
regions showing the repeating 
structures in reciprocal space 
(right column).  The X, Y 
tomographic slices from the six 
regions are shown in the colored 
boxes on the left. Scale bar = 50 
nm. The colors are as follows: 
dense bands nucleation zone (blue), 
dorsal overlap zone (cyan), disc 
body (grey), ventral groove (green), 
ventral overlap zone (pink) and 
margin (orange). All of the 
tomographic slices are longitudinal 
sections through the MRs, with the 
exception of the DNZ where there 
are no MRs, so a longitudinal 
section through the MTs is shown. 
Each box is labeled with “margin” 
and “center” to indicate the 
direction of the center and margin 
edge of the ventral disc. Each box is 
also labeled with a “+” and “-” to 
indicate the polarity of the MTs. 
The power spectrum for each region 
is shown on the right. The major 
lines in each spectrum represent the 
repeat distances the crossbridges 
and other MT and MR features, in 
the direction along the MT, in 
reciprocal space. From inner to 
outer these lines are 1/16 nm, 
1/8nm, 1/6 nm. The distance 
between the MR, and the length of 
the crossbridges connecting them is 
located in a direction perpendicular 
to the major lines. The line closest 
to the center of the spectra gives this 
distance in reciprocal space. The 
distances between MRs are: DOZ 
distance = ~32 nm, disc body 
distance = ~54 nm, VG distance = 
~37 nm, VOZ distance = ~54 nm, 
margin distance = ~35nm.  
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Dense Bands Nucleation Zone 
All regional examples shown in Figure 4.2 are pictured at the MR height, with the 
exception of the DNZ (Figure 4.2, blue box), where a longitudinal section through the 
MTs is shown. Where the MTs nucleate, close to the DBs, no MRs were observed. As the 
MTs begin to spread out into a single layer, very short MRs can be observed. No 
indications of crossbridges could be seen either between the very short MRs or the 
between the MTs.  
 
The MT packing in the DNZ is unique. At the DBs the MTs are very closely packed so 
they are arranged side by side, with no space detectable space between them. The MTs 
are organized in three staggered layers, as discussed in chapter three and shown partially 
in Figure 4.2, blue box). This is the only place in the disc where the MTs are traveling in 
the same direction and are arranged on top of one another in multiple layers.  As the MTs 
of the DNZ continue towards the DOZ they begin to separate and fan out to from a single 
layer.  The MTs are still so densely packed in this region that it was not possible to model 
each individual MT with 100% accuracy and their exact organization as they spread out 
to form a single layer is still unknown.  
 
Dorsal Overlap Zone 
The MTs of the DNZ transition into the DOZ (Figure 4.2, cyan box). In the DOZ, the 
height of the MR increases once the MTs form a single layer. The MRs are tall and 
straight in most of this region. The MRs are still packed close together in the DOZ with a 
spacing of ~32 nm between them (Figure 4.2, power spectra, cyan box). The MTs 
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gradually become more widely spaced as they curve around the disc, spreading out from 
the marginal side. The MTs on the center edge do not become widely spaced until the 
disc body. The crossbridges between the MRs in the DOZ are short and wide at both 
sides of the MR. According to the power spectrum of this region, the crossbridges occur 
at a frequency of 16 nm. Most of the DOZ MTs transition into the disc body, however on 
some ventral discs the DOZ MTs were observed transitioning directly into the VG.  
 
Disc Body 
The first area of the disc body is located directly after the DOZ. The MTs in this region 
are widely spaced and have tall and regular MRs, that are 54 nm apart (Figure 4.2, grey 
box). Long crossbridges are observed between the MRs at 16 nm frequency (Figure 4.2, 
power spectra, grey box). The crossbridges appear to be wider at the margin side of the 
MR, narrowing and tapering as they connect to their neighbor. The disc body is separated 
into two areas by the VG (Figure 4.1, Panel A).  
 
Ventral Groove 
In the intact cells, the VG forms a 3D channel where the ventral disc MTs dip down and 
under six flagella. In order to accommodate the flagella, significant structural changes 
occur in the VG. The 3D shape of the VG is lost in the extracted disc, but the position of 
the flagella and the 2D curvature indicate where it would have existed. In order to 
accommodate the 2D dip at the posterior edge of the ventral disc, the disc body MTs 
must pack close together as they enter the ventral groove (Figure 4.2, green box). The 
spacing between the MRs in this region is ~37 nm (Figure 4.2, green power spectra).   
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The MRs in the VG are shorter and the crossbridges are very regular and still occur at 
intervals of 16 nm. The crossbridges extend at an angle to connect to the neighboring MR  
(Figure 4.2, green box). The MTs pass through the VG and then transition into the second 
disc body section (Figure 4.1, Panel A).  
 
The shorter MRs in the VG might mean that there is less available height for crossbridges 
to exist, linking the neighboring MRs together. This might account for an artifact of 
extraction, which tends to occur in this region. The MTs near the marginal edge of the 
ventral groove tend to separate slightly. It is believed this occurs due to the stress of 
extraction [61] and would not occur in an intact cell, since this does not occur in a regular 
manner throughout the six ventral discs.  
 
 
Ventral Overlap Zone 
The second disc body section transitions into the VOZ as it passes under the dorsal layer 
of the ventral disc (Figure 4.1, Panel A). The MTs of the VOZ are widely spaced and the 
MR are ~54 nm apart (Figure 4.2, pink box). The MRs decrease in height throughout the 
region and can become as short as 20 nm (Figure 5.1, Panel E), which is shorter than the 
diameter of the MT. The crossbridges appear to be more irregular, but a repeat frequency 
of 16 nm is still obtained from the power spectrum. The irregularity of the crossbridges 
may be due to extraction and breakages, as this region can sustain more damage than the 
rest of the extracted ventral disc.  
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Margin 
The disc margin is one of the most distinct regions of the ventral disc. It consists of 4 to 8 
MTs on the marginal edge of the array. As MTs transition to the margin there is a 
dramatic change in the structure of the MR and crossbridges (Figure 4.2, orange box). 
The crossbridges are large and regularly spaced. They appear to extend on top of the MR 
in the negative stained discs, however, the cryo-ET and subvolume averaging carried out 
by Cindi Schwartz indicates that, in fact, the MRs are angled relative to the MTs and are 
no longer perpendicular to the MTs in the extracted array (manuscript in preparation).  
 
The MT are closely packed in this region, with a MR spacing of ~35 nm. The 
crossbridges in the margin are thicker than in the rest of the ventral disc. A 16 nm repeat 
pattern can still be seen on the power spectra (Figure 4.2, power spectra, orange box), 
indicating that the axial crossbridge repeat constitutes a conserved feature across the 
entire ventral disc.  
 
The margin is the termination point for many of the MTs from the multiple regions of the 
ventral disc, including the DOZ, the disc body, and the VG. The VG has an area that is 
margin-like in the way the MTs are arranged, but the distinctive crossbridges were 
absent, so those MTs were included as part of the VG and not the margin region.  
 
 
Patterns of MT Curvature within the Ventral Disc 
 
 
 
MT curvature is known to be altered by MAP decoration. In vitro experiments have 
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demonstrated that MTs decorated with motor proteins are straighter and more rigid than 
those without decoration [163]. Knowing that differential DAP localization exists across 
the ventral disc, it was essential to examine MT curvature in the disc regions that were 
identified.  
 
The extent of MT curvature was determined by fitting a circle to each point of the model 
contour of each MT (Figure 4.3). The circle was fitted to 1750 nm of the contour line 
around the central model point, the smaller the fitted circle the more tightly curved the 
MT. 1750 nm around the central point was required to yield smooth sections of curvature. 
The radius of the fitted circle has an inverse relationship with degree of curvature of the 
MT around that particular point. For ease of understanding, the curvature values are 
presented as Kappa (Κ). Κ = 1/r and is directly proportional to the tightness of curvature.  
 
 
Figure 4.3: The method by which curvature of the ventral disc MTs was determined. C = model 
contour of a MT, P = model point, r = the radius of the circle fitted to the contour around each point, the 
more tight the curvature of the MT, the smaller the radius of the fitted circle. In order to give an easier to 
understand result, curvature is then presented as a Kappa value, where K = 1/r . Kappa is directly 
proportional to increasing curvature.  
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Curvature across the ventral disc array 
A heat map of MT curvature was produced by coloring the model of the ventral disc MTs 
according to the curvature values obtained for each model point (Figure 4.4).  The DNZ 
has been omitted from this analysis as the path of each MT could only be approximately 
determined in this section of the model.  
 
 
Figure 4.4: MT curvature at different regions of the ventral disc represented in a heat map. The 
extent of curvature at each point of the MT contour is represented by color and corresponds to the Kappa 
value (1/nm) at each point. Within the ventral disc, red represents areas of extremely high curvature, yellow 
to orange is high curvature, moderate curvature is represented by green, low curvature to straight sections 
are represented by blue and finally purple and pink show low to negative curvature. The ventral disc MTs 
must curve to form the spiral shape of the array. Although a lot of the ventral disc MTs conform to the 
expected curvature as they progress thought the spiral, there are several regions that deviate from this 
pattern. Most obvious is the VG, which has negative curvature, where the fitting circles are fit to the 
outside of the disc edge. Both the DOZ and VOZ have tighter curvature than the rest of the ventral disc.  
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Kappa Value Color in heat map Description of Curvature 
>1.90 Red Extremely high 
>1.50 to 1.90 Orange High 
>1.00 to 1.50 Yellow High moderate 
>0.50 to 1.00 Green Moderate 
>0.00 to 0.50 Blue Low to straight 
-0.49 to 0.00 Pink/purple Negative low to straight 
 
Table 4.1: Kappa values, their corresponding color in the heat map (Figure 4.4) and description of 
curvature. 
 
 
In order to form a spiral it is expected that the MTs of the ventral disc will have higher 
curvature when closer to the center edge of the disc. As the MTs spiral out towards the 
marginal edge, their curvature will decrease. As the MTs come to termination in the 
margin, their curvature should become shallow and closer to being straight.  
 
This pattern is observed across most of the array (Figure 4.4), with MTs at or near the 
center edge showing high curvature (orange and yellow). MTs in the middle of the array 
have moderate curvature (green), decreasing to low curvature (blue) as they become close 
to straight on the margin (Table 4.1). However, there are some areas of the array that do 
not conform to this general pattern.  
 
Most obvious is the VG and the areas of disc body MTs that flank the VG (Figure 4.4). 
The DOZ follows the expected curvature pattern, although all the values are shifted up, as 
if it were fitted to a spiral with a smaller initial radius. The VOZ also exhibits higher than 
expected curvature values (Figure 4.4). The patterning of curvature is also reversed. 
Instead of curvature decreasing along the MT in the minus to plus direction, the opposite 
trend is observed. Curvature increases in this region, with the tightest curvature values 
being observed near the plus ends of the MTs.  
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The example seven MTs illustrate nicely that curvature varies in a regular fashion 
dependent upon a MTs location within the array (Figure 4.5). It also demonstrates that 
clear changes in curvature can be observed as a MT transitions from region to region.  
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Figure 4.5: Variations in curvature along individual MTs. Panel A: Model of the ventral disc colored to 
show the regions: dense bands nucleation zone (blue), dorsal overlap zone (cyan), disc body (grey), ventral 
groove (green), ventral overlap zone (pink), and margin (orange). The example seven MTs (purple) are 
numbered 1 to 7. Panel 1 to 7: The curvature of each of the seven example MTs from a single disc (N=1) 
has been plotted point by point from the center to the margin along the length of the MT. The background 
had been colored to show the regions, the colors are the same as Panel A. These graphs illustrate how 
curvature changes along a single MT as it passes through multiple different regions. If the spiral was 
uniform in all regions, the MTs would transition from low to high curvature as the spiral from the center to 
the marginal edge of the array. The curvature profiles of the special seven MTs clearly illustrate this is not 
the case.  
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Descriptions of the Curvature Profile of Each Ventral Disc Region 
 
 
 
Highly curved Microtubules in the Dorsal Overlap Zone (Figure 4.6) 
 
 
 
Figure 4.6: Histogram of curvature values of the dorsal overlap zone (N=6). The dorsal overlap zone 
has a curvature profile with few low or negative curvature components. This peak comes from the MTs 
closest to the margin that spread out from the closely packed MTs near the center edge. The curve for the 
DOZ is broad with a few counts reaching into the high curvature range above 1.5 nm-1. There are a few 
MTs on each disc that are extremely highly curved, but these regions are so small they contain hardly any 
points and do not appear on the histogram.  
 
 
  93 
The DOZ forms as the MTs of the DNZ fan out into a single layer after nucleated at the 
DBs microtubule organizing center. Due to the location of the DBs (near the center of the 
ventral disc), and the angle at which the MTs exist in the DNZ, higher curvature (Figure 
4.6) is needed in this region in order to form a disc with the observed diameter.  
 
The DOZ has an area at the center edge where the MTs are very closely packed and 
extremely highly curved (red), in comparison to the rest of the ventral disc (Figure 4.4). 
In this area, the pattern of decreasing curvature from center to margin is still maintained, 
though the range of curvature values is shifted up. It is not currently known how a 
localized area of tight curvature is imparted to this specific region during ventral disc 
formation or how it maintained throughout the lifetime of the array [76]. Thus far, no 
tightly curving MT structures analogous to the ventral disc of Giardia have been 
discovered in other organisms.  
 
 In the DOZ, the MTs also fan out from being closely packed to being more widely 
spaced. This increase in spacing occurs in order from the margin to the center edge and is 
characteristic of the MT arrangement in the DOZ. As a MT breaks away from the closely 
packed area to become more widely spaced in relation to its neighbors, its curvature the 
pattern seen in the rest of the array (Figure 4.4).  
 
Curvature in the Disc Body (Figure 4.7) 
The majority of the disc body follows the expected pattern of curvature for a spiraling 
array (Figure 4.7). However, as the disc body approaches the VG, curvature increases as 
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the MT begin to pack more closely (Figure 4.4 and Figure 4.7). The opposite pattern is 
observed as the VG transitions back into the disc body.  
 
 
 
Figure 4.7: Histogram of curvature values of the disc body region (N=6). The disc body again has a 
peak in the low curvature regions (0 to 0.5), that come from the long stretches of MTs present close to the 
margin of the disc. There is a small peak in the moderate range (>0.5 to 1) of curvature values. This peak 
comes from an increase in curvature in this region just before the MTs transition into the disc body. The 
highest curvature values in this region are seen in the high moderate range (>1 to 1.5). This comes from 
short stretches of MT of the disc body region present at or near the center edge of the array.  
 
  95 
Curvature of the Ventral Groove MTs (Figure 4.8) 
In order to accommodate the close packing of MTs observed in the VG, an increase in 
curvature is observed at the disc body MTs transition in the VG region. As the 2D dip 
forms, the MTs pass through an inflection point where they are relatively straight (Figure 
4.4 and Figure 4.8). It is here that the characteristic MT spacing and morphology of the 
MR and crossbridges in the VG can be observed. The VG is the only disc region where 
negative curvature is observed (Figure 4.8). The closely packed MTs continue to curve 
away from the center of the disc with tightness of curvature reaching a maximum near, 
but slightly off center of the middle of the VG. The tightness of curvature at the apex of 
the dip is comparatively low compared with the rest of the ventral disc.  
 
In this study we can only account for curvature in the VG that occurs in the flattened disc 
configuration. In the domed disc, changes in curvature must occur along the Z- axis to 
form the channel for the flagella. It is possible that the pressure of the flagella on top of 
the array induces the Z- axis dip; however, this does not account for the  negative 
curvature that must occur to allow the close packing of MTs dip observed in the extracted 
discs. Again, the mechanism by which this curvature is achieved is unknown; however, 
since there are specific DAPs that are missing from and localizing particularly to the VG, 
it is likely that MT decoration plays a role.  
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Figure 4.8: Histogram of curvature values of the VG region (N=6). The VG has a curve that is very 
different from the other regions of the ventral disc. The curve centers around a peak just above zero, where 
the MTs are almost straight. This represents the inflection point where the MTs transition from positive to 
negative curvature. In the center of the VG the MTs are closely packed and curve away from the center of 
the disc, this curvature was assigned a negative value to reflect the change in direction. The highest values 
of negative curvature just enter the moderate range (<-0.5), and are located near the marginal edge. The 
MTs near the center edge, even in the middle of the VG are almost straight. The MTs on both edges of the 
VG have low (>0 to 0.5) and moderate (>0.5 to 1) curvature There are some values in the VG fall into the 
high moderate category (>1), these values likely come from “ruffling” artifacts in this region that 
artificially increase the curvature of the MTs in this region.  
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Curvature in the Ventral Overlap Zone (Figure 4.9) 
 
 
 
Figure 4.9: Histogram of curvature values of the VOZ region (N=6). The VOZ has a peak at the 
transition between low and moderate curvature (around 0.5). Instead of curvature decreasing in this region, 
curvature increases towards the plus end of the MTs. The curve has the same profile that would be expected 
for a spiral, but it is shifted towards higher values of curvature. Extremely high (>1.90) curvature values 
can be seen at the ends of the MT that reach some of the highest values seen in this disc.  
 
 
Curvature of the MTs in the VOZ varies from moderate to high and in some cases 
extremely high (red) in certain discs (Figure 4.4 and Figure 4.9). The tightness of 
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curvature varies from disc to disc but tends to correspond with the length of the VOZ 
MTs. Ventral discs that have longer MTs that extend past the VG up towards the basal 
bodies tend to have more extreme (red) curvature at the ends.  
 
Interestingly, the VOZ deviates from the curvature trend that would exist if the disc 
formed an ideal spiral. Instead of following directly around the margin on the edge of the 
DOZ, the VOZ curves in towards the center of the spiral. The tightness of curvature 
actually increases as the ventral disc comes to termination in the VOZ, meaning curvature 
increases from along the MT in a minus- to plus- end direction. This is the opposite trend 
from all other regions of the disc and is only observed in the VOZ. The mechanism by 
which an increase in curvature is induced as MTs enter this region and proceed to 
termination, is not known.  
 
Curvature in the Margin (Figure 4.10) 
The margin most closely fits the curvature profile expected from a regular spiral (Figure 
4.4 and Figure 4.10). The curvature of MTs in this region is low (Figure 4.10). As the 
MTs enter the margin, they are near the outermost edge of the disc and are therefore 
expected to have the lowest curvature. There some curvature artifacts resulting from 
cytoskeleton extraction can be seen in the margin. There are some areas where “ruffling” 
occurs that contribute to non-native curvature of the MTs, increasing the curvature above 
the normal range.  
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Figure 4.10: Histogram of curvature values in the margin region (N=6). The margin region is located 
around the marginal or outer edge of the ventral disc array. As the MTs spiral out to the edge of the disc, 
they become straighter and the margin curvature is highly consistent. There is a large peak of counts in the 
low curvature range (>0 to 0.5). There are values that extend from ~0.75 to >2. These values result short 
stretches increased curvature on either side of the ventral groove and from “ruffling” of the disc MTs that 
artificially increases curvature. In general most of the margin is consists of MTs that are close to being 
straight.  
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Regional Transitions Along Individual MTs 
 
Now that the characteristics of each region have been established, it is important to 
consider how the regions are linked together to form a functional ventral disc. The MTs 
that form each region are not independent and are rarely unique to just one disc region. In 
fact, a single MT often passes through multiple regions and its decoration and associated 
structures undergoes multiple structural transitions along its length (Figure 4.11).  
 
 
Figure 4.11: Regional transitions of the ventral disc MTs. Panel A: The example seven MTs have been 
divided by disc region: DNZ (blue), DOZ (cyan), disc body (grey), VG (green), VOZ (pink) and margin 
(orange). The panel illustrates how individual MTs pass through multiple different regions and transition 
between them. Scale bar = 31 nm. Panel B: shows the percentage of MTs that pass through different 
numbers of regions (N=6). Almost half of the MTs are long enough to pass through five separate regions. A 
small percentage of MTs pass through only 1 region. Panel C: shows the percentage of MTs that undergo 
different numbers of regional transitions (N=6). This gives an indication of the number of structural 
transitions that occur a long a single MT.  
 
The variability in the number regions ventral disc MTs pass through illustrates 
differences in MT lengths that exist within the ventral disc, demonstrating that some MTs 
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are too short to pass through more than a single region, while others are long enough to 
pass through all six regions of the disc. Almost half of the MTs in the ventral disc pass 
through five distinct regions, undergoing up to six structural transitions. Any MTs that 
pass through the VG will transition back into a disc body region before entering either the 
margin or VOZ (Figure 4.1). This means that almost all the MTs in the ventral disc 
undergo multiple instances of reorganization in terms of MT spacing, MR height, 
crossbridge length and morphology (Figure 4.2), and the degree of MT curvature (Figure 
4.4).  
 
It is clear that specific structures and MT arrangements must occur in specific areas of the 
disc, allowing the mature array to fit together correctly as a single functional unit. It is 
known that changes in the structure of the array lead to impaired attachment of the 
trophozoites [123].  The mechanisms by which variations in structures, MT arrangement, 
and MT curvature are imparted and maintained during the lifetime of the array are 
unknown. Given that differential protein localization has been observed in the DAPs 
[121], it is highly likely these proteins play an important role in forming and maintaining 
the regional characteristics observed.  
 
 
 
Results Summary and Discussion 
 
Six structurally distinct ventral disc regions have been identified. These regions include: 
the DNZ, the DOZ, the Disc Body, the VG, the VOZ and the Margin. The regions vary 
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based on four characteristics: the MT organization relative to the neighboring MTs, MT 
curvature, the height and morphology of the MRs, and the morphology and length of 
crossbridges (Table 4.2). 
 
 
Region MT/MR spacing Microribbons Crossbridges Curvature 
 
Dense Bands 
Nucleation Zone 
 
side-by-side, 
three layers 
none, to very 
short none unknown 
 
Dorsal Overlap 
Zone 
 
closely packing, 
single layer 
MRs ~32 nm 
apart 
tall and straight short , 16 nm repeat 
moderate to 
extremely high 
 
Disc Body 
 
widely spaced, 
single layer 
MR 54 nm apart 
tall and straight Long, 16 nm repeat moderate to low 
 
Ventral Groove 
 
close packing, 
single layer 
MR ~37 nm 
apart 
short Short, angled, 16 nm repeat 
Negative low, 
straight and low 
 
Ventral Overlap 
Zone 
 
widely spaced, 
single layer 
MR ~54 nm 
apart 
decreasing 
throughout 
region to short 
long, 16 nm 
repeat moderate to high 
 
Margin 
 
closely packed, 
single layer 
MR ~35 nm 
apart 
short, and angled thicker, short, 16 nm repeat majority low 
 
Table 4.2: Structural and organizational characteristics used to define each ventral disc 
region.  
 
 
In the mature ventral disc, a single MT can pass through up to six different regions, 
undergoing up to six structural and organization transitions. It is currently unknown 
exactly how these structural differences are introduced to specific locations in the ventral 
disc. It seems likely the DAPs are involved, as the MTs are known to be highly decorated 
[84], and the localization of the DAPs is not uniform across the ventral disc [121].  
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Using the published images of DAP localization [121] an attempt was made to compile a 
list of all the possible DAPs that could be found in each ventral disc region (Table 4.3).  
 
However, the information that can be obtained from this type of visual correlations is 
limited by several factors including: the resolution gap between light and electron 
microscopy; the lack of the ability to distinguish between the margin and the lateral crest; 
the occlusion of the DNZ by other components; the possibility of a ventral disc lacking 
complete incorporation of GFP tagged subunits; and the possibility of mis-localized 
DAPs due interference by the GFP tag.  
 
This analysis produced a list of seventeen proteins (top seventeen DAPs in Table 4.3) that 
seem to be common to all regions of the disc. Two proteins (DAP17053 and 
DAP103807) were missing from the VG, but found in all other regions. The VG and 
margin (or lateral crest) contain DAP13981, which was absent from the other three 
regions. The DOZ and VOZ contained two proteins (DAP17090 and DIP13) that were 
previously thought to localize to the snMTs. The margin or lateral crest contains nine 
proteins not found in other ventral disc regions. High-resolution information about 
structure of each region is required to accurately determine the differences that might 
exist in protein composition.  
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DAP Name Motifs 
D
O
Z 
D
B
* 
V
G 
V
O
Z 
M
/L
C 
112079 Alpha-2 tubulin tubulin ✔ ✔ ✔ ✔ ✔ 
101291 Beta tubulin tubulin ✔ ✔ ✔ ✔ ✔ 
7796 Alpha-2 annexin Annexin ✔ ✔ ✔ ✔ ✔ 
11683 Alpha-3 annexin Annexin ✔ ✔ ✔ ✔ ✔ 
7797 Alpha- 5 annexin Annexin ✔ ✔ ✔ ✔ ✔ 
15101 Alpha-17 annexin Annexin ✔ ✔ ✔ ✔ ✔ 
4812 Beta-giardin SF-assemblin ✔ ✔ ✔ ✔ ✔ 
86676 Delta- giardin SF- assembling ✔ ✔ ✔ ✔ ✔ 
17230 Gamma-giardin Novel ✔ ✔ ✔ ✔ ✔ 
4410 SALP-1 Novel ✔ ✔ ✔ ✔ ✔ 
16279 Nek kinase Protein kinase ✔ ✔ ✔ ✔ ✔ 
103807 Ankryrin repeat protein Ankryin repeat ✔ ✔ ✔ ✔ ✔ 
92498 Nek kinase Protein kinase ✔ ✔ ✔ ✔ ✔ 
5010 Ser/Thr prosphatase PPsA-2 subunit 
Metallo- dependent 
Phosphatase ✔ ✔ ✔ ✔ ✔ 
5374 CAP_GLY CAP_GLY motif ✔ ✔ ✔ ✔ ✔ 
16343 MBP Novel ✔ ✔ ✔ ✔ ✔ 
13766 Ankyrin repeat protein Ankyrin Repeat ✔ ✔ ✔ ✔ ? 
17053 Ankryin repeat protein Ankryin repeat ✔ ✔ ✖ ✔ ? 
103807 Ankyrin repeat protein Ankyrin repeat ✔ ✔ ✖ ✔ ? 
13981 Nek kinase/ ankyrin Protein kinase and ankyrin repeat ✖ ✖ ✔ ✖ ? 
17563 ERK1 kinase Protein kinase ✖ ✖ ✖ ✖ ✔ 
17096 Ankryin repeat protein Ankryin repeat ✖ ✖ ✖ ✖ ✔ 
24194 Ankryin repeat protein Ankryin repeat ✖ ✖ ✖ ✖ ✔ 
103810 Ankryin repeat protein Ankryin repeat ✖ ✖ ✖ ✖ ✔ 
17097 Ankryin repeat  Ankyrin repeat ✖ ✖ ✖ ✖ ✔ 
16424 Hypothetical protein Novel ✖ ✖ ✖ ✖ ✔ 
23492 Ankyrin repeat protein Ankyrin repeat ✖ ✖ ✖ ✖ ✔ 
14872 Ankyrin repeat protein Ankyrin repeat ✖ ✖ ✖ ✖ ✔ 
15576 Ankyrin repeat protein Ankyrin repeat ✖ ✖ ✖ ✖ ✔ 
17090 SAM motif protein SAM ✔ ✖ ✖ ✔ ✖ 
16263 DIP13 Novel ✔ ✖ ✖ ✔ ✖ 
 
Table 4.3: Organization of the DAPs based on their GFP localization patterns to regions of 
the ventral disc. Information was obtained from Hagen et al, 2011 [121]. * indicates that DB has 
been used to represent the disc body region, not the dense bands, margin (M) and lateral crest 
(LC) . A tick indications the DAP localizes to a region and a cross indicates that it does not. The 
“?” indicates that it was not possible to visualize the absolute marginal edge of the ventral disc, so 
it was not possible to be certain if the localization included the margin or lateral crest. The DNZ 
has been omitted as the region is obscured by other cellular contents in the fluorescence 
microscopy images.  
 
 
Even though significant structural variation appears to exist between the ventral disc 
regions, there is one dominant structural feature that is conserved. Despite changes in 
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length and morphology, the crossbridges occurred at a repeat length of 16 nm in 5 of the 
of the 6 ventral disc regions, forming very regular connections between the neighboring 
MRs. These regular connections may play a crucial role in maintaining the overall 
architecture within ventral disc array.  
 
Connections between MTs have been observed previously that were governed by the 
axial 4 nm and 8 nm repeat frequency of the tubulin monomers and dimers [164]. It 
seems likely that the frequency of occurrence of the crossbridges is related to the 8 nm 
α/β tubulin heterodimer length, as it is twice that difference. This suggests that each 16 
nm repeating unit that forms the MR has either a long projection that forms the 
crossbridge, or has a binding site onto which other proteins assemble.   
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CHAPTER 5: Structures of the Regional Repeating Units of 
the Ventral Disc 
 
Introduction 
 
An intermediate-resolution structure of the ventral disc repeating unit was obtained by 
Schwartz, C. et al, (2012) using cryo-ET [84] (see Chapter 1, Figure 1.6). This structure 
was initially thought to represent the repeating unit for the entire ventral disc. It is now 
known that the structure obtained represents the repeating unit of the Disc Body region 
only.  
 
Now that it is known that regional variation exists between coarse structures that 
compose the ventral disc, it was logical to extend this study to investigate the variation 
that might exist between the smaller repeating units for each region. In order to do this, 
the sample preparation method was changed from negative stain to rapid plunge freezing 
and vitrification. This method better preserves the fine structural detail of biological 
samples. The resultant tomograms were further processed using subvolume averaging to 
produce a 3-D density map with enhanced signal-to-noise ratio.  
 
Only four of the six ventral disc regions were amenable to cryo-ET. The quantity of 
material present in both the DNZ and VG meant that collection of high quality cryo- 
tomograms was not possible. However, by working in collaboration with Cindi Schwartz, 
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three additional structures were produced for the DOZ, the VOZ and the margin.  
 
The disc body structure revealed that the MTs are highly decorated both on the inside and 
outside surface [84]. The protein densities observed were named by their location in the 
structure (See chapter 1, Figure 1.6). The densities are presumably composed by the 
DAPs that localize to the ventral disc; however, it is not yet known which DAP 
corresponds to which of the observed densities.  
 
The structures of the DOZ and VOZ have decoration in the same location as was 
observed in the disc body. Interestingly, significant variation exists by region between the 
size and shape of a number of these densities. The 3-D structures derived by subvolume 
averaging with PEET from the four ventral disc regions listed above were also used to 
gain insight into which structural components of the ventral disc are common to the entire 
array. The four regional averages were aligned and correlated to produce an estimate of 
the common core ventral disc repeating unit. This core unit is composed of densities that 
appear to be the same in all four 3-D structures.  
 
In order to obtain cryo-ET data, the cytoskeletons were rapidly plunge frozen on holey 
carbon grids to produce frozen- hydrated samples contained in a thin layer of vitreous ice. 
Regions of the ventral disc were imaged and single axis tomograms were reconstructed 
using IMOD. IMOD was used to model the MT/MR interface and define the center point 
for each subvolume (Figure 5.1). PEET was used to align and average the subvolumes to 
produce a final result with a greatly enhanced signal-to-noise ratio (Figure 5.2 and Figure 
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5.3). PEET alignment was used to align the regional averages for statistical analysis of 
common and divergent densities (Figure 5.6).  
 
Results 
 
The cryo–ET data collected at the overlap zone revealed the same patterns of MT 
spacing, MR height, and crossbridge length, as were visualized in the negative stain 
(Figure 5.1). The cryo-tomograms also allow the visualization of the three trilaminar 
sheets of the MR. An additional density could be distinguished on the margin facing side 
of each MT. This structure is known as the side arm [62,84]. Tomographic data could not 
be collected from areas of the OZ that were located in the most anterior part of the ventral 
disc. The material, such as the snMTs, meant that sample thickness was prohibitively 
thick in that area.   
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Figure 5.1: Tomographic slices from cryo-ET data of the overlap zone.  Panel A: 7.75 nm thick X, Y 
tomographic slice of the MRs of the DOZ. Scale bar = 50 nm. Inset in panel: Zoomed in view of a small 
section of MRs. Scale bar = 35 nm. Cyan arrows indicate examples of the crossbridges, cyan bar an 
example of crossbridge length. The dark spheres are believed to be ribosomes that became trapped between 
the MRs during extraction of the cytoskeleton. Panel B: 7.75 nm thick X, Y tomographic slice of the MRs 
of the VOZ. Scale bar = 50 nm. Inset in panel: Zoomed in view of a small section of MRs. Scale bar = 
35 nm. Pink arrows indicate examples of the crossbridges, pink bar an example of crossbridge length. 
Panel C: 7.75 nm X, Y tomographic slice of the MTs of the DOZ. Scale bar = 50 nm. Inset in panel: 
Zoomed in view of a small section of MTs. Scale bar = 35 nm. Cyan arrows indicate examples of side 
arms. Panel D: 7.75 nm X, Y tomographic slice of the MTs of the VOZ. Scale bar = 50 nm. Inset in 
panel: Zoomed in view of a small section of MTs. Scale bar = 35 nm. Pink arrows indicate examples of 
side arms. Panel E: 15.5 nm thick tomographic slice of each surface of the overlap zone in cross section. 
The DOZ is shown above the VOZ. Scale bar = 25 nm. The PFs of each MT and the trilaminar sheets of 
the MRs can be clearly seen in each region. It is clear that the MRs of the VOZ are significantly shorter 
than the MRs of the DOZ. Panel F: Model at the MT/MR interface, each cyan dot represents the center of 
a subvolume used for averaging. Scale bar = 100 nm. Panel G: Model at the MT/MR interface, each pink 
dot represents the center of a subvolume used for averaging. Scale bar = 100 nm. 
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MT spacing and curvature 
Close packing between the MRs and MTs in the DOZ was observed in the frozen-
hydrated samples, as it was in the negative stained ventral discs. The spacing between the 
neighboring MTs/MRs increases from the center of the disc to the marginal edge, as was 
observed previously. The neighboring MTs/MRs of the VOZ presented a uniform wide 
spacing, as in the negatively stained discs (Figure 5.1, Panel A and C). 
 
MR height 
Cryo-tomograms of the ventral disc can be rotated around the X- axis to show the MRs in 
cross-section in the Y, Z plane (Figure 5.1, Panel E). The DOZ and VOZ cannot be 
visualized face on at the same time because the MT are oriented at a different angle 
relative to one another. The long MRs of the DOZ can be observed in the cross section 
extending approximately 75 nm above the MT. The MRs of the VOZ are considerably 
shorter in height, ranging from approximately 20 nm (shorter than the diameter of the 
MT), up to 50 nm (twice the diameter of the MT) (Figure 5.1, Panel E). 
 
Crossbridge length and morphology 
The crossbridges between MRs are clearly visible in both the DOZ and VOZ regions 
(Figure 5.1, Panels A and B). The DOZ contains short crossbridges connecting the 
closely packed MRs. In the VOZ, the long crossbridges were observed connecting the 
widely spaced MRs. Some of the crossbridges appear to project out from the MR at an 
angle less than 90o. This angulation was not observed in the negative stain.  Both the 
DOZ and the VOZ have sections where crossbridges are missing. It is likely that these 
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were damaged or broken during extraction of the cytoskeletons.  
 
Side arms 
The cryo-ET reveals the presence of structures known as side arms [62,84] (Figure 5.1, 
Panels C and D). The side arms could not be distinguished from the MT wall in the 
negative stain data. The side arms extend from the marginal MT wall in both regions. In 
the DOZ, it is not clear if the side arms are connecting adjacent MTs. The side arms in 
the VOZ do not appear to extend to neighboring MTs.  
 
In order to improve the signal-to-noise ratio and reveal structures that are not directly 
visible in a single unit, the ventral disc MTs were modeled at the interface of the MR and 
MT. Model points were placed at 8 nm intervals along the model contours. Each point 
was used to define the center of a 70x70x70 pixel subvolume. PEET software was used to 
align the subvolumes and generate a 3D density map for each region (Figure 5.2 and 
Figure 5.3). More details are presented in chapter 7.  
 
 
Subvolume Averaging of the Dorsal and Ventral Overlap Zone 
 
The coarse structural components of the ventral disc were originally described by 
Holberton [61,62,63] Holberton demonstrated that the ventral disc is composed of MTs 
with MR structures extending dorsally from each MT. Holberton also identified the side 
arm [62] a structure extending out from the margin side of each MT. Cindi Schwartz 
enhanced our knowledge of ventral disc composition by producing a much higher 
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resolution structure using subvolume averaging. This structure, now known to represent 
the repeating unit of the disc body, demonstrated that the ventral disc MTs are highly 
decorated in specific locations on and around the MT [84]. The structure also shows that 
the MRs are not a single unit, but actually consist of trilaminar sheets that extend, side by 
side from the top of each MT [84,121]. It was also discovered that there were proteins 
bound to the inner surface of the MT, and these are known as MIPs or in Giardia as 
GMIPs [84].  
 
Given that it is now known that regional variation exists within the coarse structures that 
compose the ventral disc, it was logical to generate higher resolution structures for each 
region of the overlap zone. A similar subvolume averaging protocol to that employed to 
produce the disc body structure was used to generate an average volume for both the 
DOZ and the VOZ. The aim was to allow a comparison to be made between these 
structures that compose two regions that are close in space, but exist at opposite ends of 
the spiraling array. 
 
Subvolume Averaging Specifications  
The DOZ average was produced from aligning just over 20,000 subvolumes, and the 
VOZ average was produced from just over 13,000 subvolumes. There is uncertainty as to 
the accuracy of the method commonly used to estimate the resolution of EM data [165]. 
However, an internal resolution of 2.8 nm (28 angstroms) as determined by Fourier shell 
correlation (FSC) at a threshold of 0.5 [166,167]. The 70x70x70 pixel volume (159,661 
nm3) contained 6.8 x 8 nm repeating structural units. The crossbridges, were seen to 
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repeat at intervals of 16 nm, as observed throughout the negatively stained ventral discs.  
 
The subvolumes used to generate each 3D density map were obtained from six individual 
tomograms. Three of these tomograms were imaged at – 6 µm defocus and three were 
imaged at -4 µm defocus, in an effort to recover the maximum amount of information in 
the CTF correction. Each ventral disc, from each individual tomogram, is oriented 
slightly differently relative to the tilt axis. This means the missing wedge was located in a 
slightly different location within the individual subvolumes. By including subvolumes 
from different tomograms, the missing wedge was reduced as much as possible to a 
missing cone in the average volume. The missing cone could not be fully filled in 
because the large flat ventral discs are always oriented either MRs up or MRs down 
relative to the projection axis.  
 
The 3D averaged volumes produced by PEET are shown in grayscale (Figure 5.2 and 
Figure 5.3). The darkness of a density represents its regularity in the subvolumes that 
contributed to the final average. Very regular structural features appear as dark. In both 
the DOZ and VOZ, the PFs of the MTs and the MRs appear very dark. Structures that 
appear with irregular frequency or in multiple conformational states appear as lighter or 
closer to the background grey. Structures that are very irregular will not be enhanced by 
averaging and will be indistinguishable from the background noise. The average volumes 
also contain bright white areas that could represent the absence of density in the sample, 
ie. a hole in the structure, but can also result from artifacts that occur when averaging 
data containing a missing wedge and an imperfectly corrected CTF.  
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Figure 5.2: 3-D density map of the DOZ produced by subvolume averaging.  An isosurface 
representation has been used to show the location of longitudinal sections through the structure. The PFs 
are numbered 1 through 13. Scale bar = 3.8 nm for all panels and is located in Panel F. Panel A: A 54.3 
nm thick slice of the average 3D density map in cross section. The isosurface model is overlaid onto the 
data to show what is included and excluded from the model. Some structures have been labeled: CB = 
crossbridges, C = center-facing sheet, In = inner facing sheet, M = margin-facing sheet, SR = side-rail, SA 
= side arm, NSA = neighboring side arm, P = paddle. The NSA is very close to a density projecting from 
PF4. This might represent a connection between neighboring MTs. Panel B: 7.8 nm thick longitudinal slice 
through the 3D density map of the average volume. The three trilaminar sheets of the MR are well 
represented. Residual densities of the crossbridges are present, though their irregularity reduces their size 
and darkness within the average. Panel C: 7.8 nm thick longitudinal slice through the 3D density map of 
the average volume. PF7, 8 and 9 are clearly visible. A density on the shoulder of the side arm (SA) is 
visible in the section. The continuous density of the side-rail (SR) is also visible. Panel D: 7.8 nm thick 
longitudinal slice through the 3D density map of the average volume. GMIP5 and the top of PF5 is just 
entering the section Well represented areas of the side arm density are shown in the isosurface can be seen 
on the right of the MT. The pale grey color indicates the uncertainty of the structure of this side arm. Panel 
E: 7.8 nm thick longitudinal slice through the 3D density map of the average volume. PF3 and 13 are well 
represented. The top of PFs 1 and 2 are also visible. A density on PF4 is represented and labeled GMAP4. 
This density is only found in the DOZ. On the right of the MT is a density showing where the side arm and 
paddle merge under PF12. Panel F: 7.8 nm thick longitudinal slice through the 3D density map of the 
average volume. The end point of GMAP3 is visible on the left side of the MTs. GMAP2 is labeled and has 
approximately 3 repeating units within the volume, indicating it occurs with a repeating frequency of 8 nm. 
GMAP1 is visible and appears to be more or less continuous along PF1. The DOZ the paddle appears to be 
composed by two densities, there maybe be a connection between them, but it is so weakly represented in 
the density map that it does not appear in the isosurface. Scale bar = 3.8 nm. 
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Figure 5.3: 3-D density map of the VOZ produced by subvolume averaging. An isosurface 
representation has been used to show the location of longitudinal sections through the repeating unit 
structure. The PFs are numbered 1 through 13. Scale bar = 3.8 nm for all panels, located in Panel E. Panel 
A: A 54.3 nm thick slice, a summation of the entire volume, of the average 3D density map in cross 
section. The isosurface model is overlaid onto the data to show what is included and excluded from the 
model. Some structures have been labeled: CB = crossbridges, C = center-facing sheet, In = inner facing 
sheet, M = margin-facing sheet, SR = side-rail, SA = side arm, and P = paddle. The extensive size of the 
side arm density can clearly be seen on the right of the MT. There is no neighboring side arm present, 
likely due to the increased distance between the MTs. Panel B: 7.8 nm thick longitudinal slice through the 
3D density map of the average volume. The three trilaminar sheets of the MR are well represented. 
Residual density of the crossbridges is present, though the irregularity reduces their size and darkness 
within the average, so much so that density is only really visible on the center-facing sheet. Panel C: 7.8 
nm thick longitudinal slice through the 3D density map of the average volume. PF7, 8 and 9 are clearly 
visible. The continuous density of the side-rail (SR) is also visible. A large density on the shoulder of the 
side arm (SA) is visible pointing towards the minus end of the MT. Panel D: 7.8 nm thick longitudinal 
slice through the 3D density map of the average volume. PF6 and 10 are clearly visible. The very top of 
PF5 is just entering the section. The GMIP5 density is also just entering the section. The side arm is still 
clearly visible on the right side of the MT. It occurs with a repeat frequency of 8 nm, but is shifted relative 
to the PFs. It appears to occur at each αβ tubulin dimer interface. At this level, the proteins point towards 
the plus end of the MT. Panel E: 7.8 nm thick longitudinal slice through the 3D density map of the average 
volume. PF2, 3 and 13 are well represented. The top of PF 1 is also visible. The density of PF4 seen in the 
DOZ is completely absent. On the right of the MT is the bottom of the side arm, where it merges with the 
paddle. It is still much larger than the density present at the same position in the DOZ. Panel F: 7.8 nm 
thick longitudinal slice through the 3D density map of the average volume. GMAP2 is labeled and has 
approximately 3 repeating units within the volume, indicating it occurs with a repeating frequency of 8 nm. 
GMAP1 is visible and appears to be more or less continuous along PF1. The paddle has two clear densities, 
with additional connecting density that is sufficiently strongly represented to be included in the isosurface. 
Scale bar = 3.8 nm. 
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In order to compare and contrast the averaging results, isosurface models were generated 
from each averaged volume. An isosurface is a smoothed 3D space-filling representation 
of the data in the 3D density map. A threshold value is set for inclusion in the isosurface. 
In this case inclusion in each isosurface model was set so that as much of the visible 
densities as possible were included in each isosurface representation (see Figure 5.4 and 
Figure 5.5), without introducing model contours containing nothing but noise (light grey) 
or holes or averaging artifacts (white).  The fit of each isosurface model to the data is 
shown in the cross sections through the averaged volumes.  
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Figure 5.4: Isosurface representation of the DOZ repeating unit structure in crosssection. The PFs are 
numbered 1 to 13. Distortion of the PFs due to missing wedge artifacts can be seen, causing an elongation 
of their density along the Z-axis. This likely affects other densities in the structure as well. The densities 
decorating the MT have been colored to correspond to the color scheme used in the disc body average 
structure. The reduced size of the side arm in the DOZ is obvious in this representation. The density in the 
center of the paddle is so poorly represented in this region that it is not included in the isosurface. The 
trilaminar sheets are visible in the structure. The crossbridges are not well represented, with only small 
residual structures present. GMAP1 and GMAP2 are both fairly small in size. GMAP3 has an extra density 
extending from PF3 that is not present in other regions. The density on PF4 has not been colored as it does 
not appear in another other regions. GMIP5, which is easy to see in the density map is hard to distinguish 
from the PF in the isosurface, however the extra density in this area accounts for this protein. The side rail 
is not connected to the crossbridge or center-facing sheet of the MR in this structure. GMIP7 and GMP8 are 
small densities on the inner surface of PFs 7 and 8. GMIP9 is larger in the DOZ than in other regions of the 
ventral disc. Scale bar = 3.8 nm. 
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Figure 5.5: Isosurface representation of the VOZ repeating unit structure in cross section. The PFs 
are numbered 1 to 13. A slightly less sever distortion of the PFs by missing wedge artifacts can be seen in 
this structure. This effect is less severe in the VOZ as increased curvature at the end of this region fills in 
the missing wedge more fully. The densities decorating the MT have been colored to using the color 
scheme from the disc body average structure. The side arm in the VOZ is extensive and bulky, similar to 
the disc body. The density ends near PF12 and 13, it does not continue down next to the paddle. The paddle 
is larger and more bulky in the VOZ. There is a visible connection between the two main densities which 
compose the structure. The short trilaminar sheets are visible in the structure. The crossbridges are very 
poorly represented, only small residual structures can be seen. GMAP1 and GMAP2 are connected to each 
other. This connection is not observed in any other region. GMAP3 is smaller in the VOZ than the DOZ. 
GMIP5, which is easy to see in the density map is hard to distinguish from the PF in the isosurface, 
however the extra density in this area accounts for this protein. The side rail is not connected to the 
crossbridge or center-facing sheet of the MR in this structure. GMIP7, GMIP8 and GMIP9 are smaller in 
this region than in other disc locations. Scale bar = 3.8 nm. 
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Comparison of the Repeating Unit Structures of the Dorsal Overlap 
Zone and the Ventral Overlap Zone 
 
The center of the repeating unit structure of both the DOZ and the VOZ is a 13 PF MT 
(Figure 5.2, Figure 5.3, Figure 5.4 and Figure 5.5). The MTs in both volumes are not 
perfectly round and there is a loss of resolution of the individual PFs along the Z-axis due 
to the missing cone of data. The cross-sectional ellipse of the MT could also result from 
the deformation of cylinder by extensive decoration by bound proteins.  
 
The Microribbons 
The largest structures attached to the MTs in both the DOZ and the VOZ are the MRs 
(Figure 5.2, Figure 5.3, Figure 5.4 and Figure 5.5). Trilaminar sheets are well represented 
in both of these regional averaged volumes (Figure 5.2, Panel B and Figure 5.3, Panel B); 
however the MR densities of the VOZ repeating unit are short enough to fit completely 
inside the 54.25 nm x 54.25 nm x 54.35 nm box used to define the subvolume. The MRs 
of the DOZ (like those of the disc body [84] and margin) extend most far beyond the 
confines of the box. It was decided that a uniform volume should be used for all of the 
ventral disc regions, so that the results of each average would be comparable. The 
additional length of the MR extending out of the box was not included in the final 
average and did not contribute towards alignment of the subvolumes in the average.  
 
The Crossbridges 
The DOZ and VOZ both have residual crossbridge densities present on the center and 
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margin-facing sheet (Figure 5.2, Panel B and Figure 5.3, Panel B). The crossbridges that 
are strongly represented enough to appear in the isosurface representation (Figure 5.4 and 
Figure 5.5) occur at a repeat frequency of 16 nm. The crossbridges are better preserved 
and more regularly shaped in the DOZ, most likely because they are shorter and there are 
more intact crossbridges included in the final average and can be seen with a repeat 
frequency of 16nm, as was observed previously. The crossbridges on the right hand side 
of the MR in the DOZ, and those in the VOZ are poorly represented and appear to occur 
at a repeat frequency of 8 nm. They are likely forced into this frequency as they are 
poorly represented in the structure. This lack of good representation of the crossbridges 
could be due to irregularity of the presence of crossbridges, due to breakages during 
extraction or because the angle of connection can vary leading to poor re-enforcement 
during averaging.  
 
The Side Arms 
Another large density is the side arm, a density which represents the only other feature 
visible in cryo-ET without subvolume averaging (Figure 5.1, Panel C and D). The side 
arm is located on the margin side of outer surface of the MT. This density extends from 
PF9 to PF12, joining PF9, PF10, PF11 and PF12 (Figure 5.4 and Figure 5.5).  
 
The VOZ has a large and extensive side arm  (Figure 5.3, Panel C, D and E) that is 
similar in size and shape to the side arm found in the disc body [84]. Both the VOZ and 
the DOZ are missing an extension in the side arm that is only found in the disc body [84] 
(See Chapter 1, Figure 1.5). In the disc body, this extension hangs down from the outer 
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side arm, parallel with the paddle [84].  
 
The side arm that exists in the DOZ is much smaller (Figure 5.4) than in both the disc 
body and the VOZ. Substantial amounts of density are missing between around PF10, 
PF11, and PF12, leaving a smaller arm extending from a projection coming from PF11 
(Figure 5.2, Panel C, D and E). It might be that close packing between the MTs within 
the DOZ means there is not enough space to accommodate the larger side arm, limiting 
the size of the structure.  
 
However, it could be that, unlike in other regions, the side arm of one DOZ MT is 
physically connected to its neighbor (Figure 5.2, Panel A). There is an additional density 
on PF4 that is unique to the DOZ. Figure 5.2, Panel A, shows an average of all the slices 
in the regional average volume. On the left side of the structure is the side arm from the 
neighboring MT. This density may be connected to an extension that projects from PF4 
(Figure 5.2, Panel E), which is not present in other regions of the disc. A faint connection 
can be observed in the density map, but it is below the threshold for inclusion in the 
isosurface representation. It is likely that this connect averages poorly as the neighboring 
MT does not align well with the repeat of the center MT. Also, most of the neighboring 
MT is masked out during alignment so it cannot contribute to the final solution. It is also 
possible that the density on PF4 represents a new GMAP, which we could name GMAP4. 
This density could represent DAP17090 or DIP13, which is only located in the OZ 
(Chapter 4, Table 4.3).  
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The Paddle 
The paddle is a density of significant size that extends towards the ventral surface of the 
cell (Figure 5.4 and Figure 5.5). The paddle descends from PF13 and from the bottom of 
the side arm on PF12 (Figure 5.2 and 5.3) in all three regional repeating units, every 8 
nm, but slightly off-set from the α/β tubulin dimers, along the MT. The paddle in both the 
DOZ and VOZ is smaller than in the disc body [84]. Approximately half the volume of 
this density is missing in the overlap zone regions. The DOZ, is also missing density 
from the center of the paddle (Figure 5.2, Panel F). It gives the appearance that two 
distinct densities, connecting to form a loop, compose the paddle in this region.  
 
Intra-region variation 
Both the paddle and the side arm in both the DOZ and VOZ represent variable structures 
within the repeating units. This variability is indicated by the lighter color of the densities 
of these structures within the 3D density map (Figure 5.2, Panel A, C, D, E, and F; Figure 
5.3, Panel A, C, D, E and F). Structures that are variable within a region, meaning that 
they are different in each individual subvolume, are not enhanced as well with subvolume 
averaging, and therefore do not appear as dark in the average volume.   
 
The intra-regional variation observed in the side arm and paddle could manifest in several 
ways. The structures could be composed of different proteins, even within the same 
region. This seems unlikely as only two DAPs are known to localize specifically to the 
overlap zone (Chapter 4, Table 4.3). Another alternative is that the side arm and paddle 
occur with a repeat frequency greater than 8 nm. This again, is an unsatisfactory 
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explanation as the side arm can actually be observed with a regular repeat frequency of 
~8 nm in the un-averaged tomograms.  
 
This leaves two possible explanations: the first is that the large side arm and paddle 
structures exists in multiple conformational states or there are subsets of structures at this 
loci on the MT; the second explanation is that the side arm and paddle are angled 
differently in each repeating unit due to the curvature of the MTs. This would have a 
significant effect on the representation of these structures in the density map, especially 
in the DOZ, where the curvature of the MTs is high.   
 
It could be that the side arm and paddle are involved in imparting curvature to the MTs of 
the ventral disc. Further details about side arm and paddle structure could be elucidated 
from this data by the production of subclasses of subvolume averages, based on the 
curvature value of each subvolume center point. Ideas on how to carry this out are 
discussed in chapter 6.  
 
GMAPs 
There are several smaller densities bound to individual PFs on the outer surface of the 
MT in both the DOZ and VOZ repeating unit (Figure 5.4 and Figure 5.5). Most of these 
densities which appear to be close to the size of tubulin are named Giardia microtubule 
associated proteins (GMAPs) and, with the exception of the side-rail, numbered by the 
PF on which they are located.  
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The GMAP densities including GMAP1, GMAP2, GMAP3 and the side-rail, on PF6, are 
present in the DOZ, the disc body, and the VOZ.  GMAP1 and GMAP2 are smaller in the 
DOZ repeating unit than in any other structure (Figure 5.4). However, GMAP3 is larger 
and there is an extra density on PF4, which will be referred to as GMAP4 (Figure 5.2, 
Panel A, E and F). It might be that these two densities are involved in binding and linking 
neighboring MTs. In the VOZ, GMAP1 is smaller than in the disc body and GMAP2 is 
significantly larger. These two densities are in very close proximity, which is not 
observed in any of the other regional structures (Figure 5.5). GMAP2 does not 
correspond to the same repeat frequency as most of the other densities in the structure. Its 
axial repeat frequency of incorporation along PF2 is approximately every 16 nm, 
corresponding to every other α/β tubulin dimer (Figure 5.2, Panel F and Figure 5.3, Panel 
F).  
 
The side-rail in both the DOZ and VOZ  (Figure 5.2, Panel C and Figure 5.3, Panel C) is 
similar in size and is significantly smaller than the density observed in the disc body [84]. 
The bridge, which is present in the disc body, connecting the side-rail to the center-facing 
MR sheet, is completely absent from both the DOZ and the VOZ repeating unit. 
 
GMIPs 
While the majority of MT associated density is on their outer surface, there are also 
densities bound to specific locations on the inner surface of the MT (Figure 5.4 and 
Figure 5.5). They have been named Giardia microtubule inner proteins (GMIPs) and, 
again, are named by the PFs to which they are attached. The densities include GMIP5, 
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GMIP7, GMIP8 and GMIP9. In both the DOZ and VOZ repeating units, GMIP7 and 
GMIP8 are reduced in size relative to the densities observed in the disc body [84]. 
GMIP9 in the DOZ is larger than the density observed at the same location in the VOZ 
and disc body.  
 
GMIP5 is one of the most dominant densities in all three of the averaged volumes. 
GMIP5 is located at PF5, coming up into contact with PF6 (Figure 5.2, Panel D and 
Figure 5.3, Panel D). GMIP5 is approximately the same size as a tubulin monomer and is 
very regularly sized on every repeating unit on all four regions of the disc that were 
averaged.  
 
Summary of Observed Differences in the Decorating Densities 
The results of the comparison between the average volumes from each region of the disc 
have revealed some differences between the regions (Table 5.1). In general, the 
differences that exist between the regions are subtle. Most of the same densities appear to 
be present at the same locations in the structures, though there are variances between the 
size and shape of the densities present.  
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Structure Dorsal Overlap Zone Disc Body 
Ventral Overlap 
Zone Margin 
Microribbons Trilaminar sheets 
Trilaminar 
sheets 
Trilaminar 
sheets 
Different 
structure, 
angled 
Crossbridges Visible both sides 
Visible both 
sides 
Only on 
margin-facing 
sheet 
Large, blade-
like, on margin 
facing side 
Side arm Small Largest Large 
 
Smallest 
Paddle Small ring-like Largest Smaller 
 
Absent 
GMAP1 Present Present 
Present, 
connected to 
GMAP2 
Absent 
GMAP2 Present Present 
Present, 
connected to 
GMAP1 
Present, 
connected to 
GMAP3 
GMAP3 Present Present Present 
 
Present, 
connected to 
GMAP2 
GMAP4 Present Absent Absent 
 
Absent 
Side Rail Present Large Present 
 
Large 
Bridge Absent Present Absent 
 
Absent 
GMIP5 Present Present Present 
 
Present 
GMIP7 Present 
Present, 
connected to 
GMIP8 
Present 
 
Small 
GMIP8 Present 
Present, 
connected to 
GMIP7 
Present, small 
 
Small 
GMIP9 Present, large Small Present, large 
 
Absent 
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Table 5.1: Summary of the structural differences that exist between the DOZ, the disc body, 
the VOZ, and the margin. Information obtained from this study and from C. Schwartz et al, 
2012 [84]. 
 
 
 
 
Identification of the Core Repeating Unit of the Ventral Disc 
 
The results of the subvolume averaging produced structures for each region that were 
remarkably similar. It seems likely that the hypothesis that a basic unit that occurs 
throughout the ventral disc is correct. In order to test this hypothesis further and attempt 
to identify the structure of the core unit, further alignment and comparison of the 
different repeating unit structures were performed.  
 
PEET was used to align, but not average, all four (DOZ, disc body, VOZ and margin) 
repeating unit volumes based on the strongest features in each 3-D density map, such as 
PFs and MRs. This was possible since the four regional structures have many features in 
common. Alignment placed all the average volumes in identical orientations relative to 
the MT, so that areas of commonality between them could be determined.  
 
The grayscaling of the aligned averages were then normalized to the grayscaling in the 
disc body average. This produced density maps with similarly distributed means and 
standard deviations, representing the densities in each map. A threshold of 1 σ below the 
standardized mean was defined. All voxels dark enough to fall within this value were 
given a binary value of 1. All voxels above the threshold were assigned a binary value of 
0.  
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The binary density maps from each region were then used to produce a binary structure 
containing all the common features from all four regions.  The volumes were assessed 
voxel by voxel. If a particular voxel had a value of 1 in each regional binary structure, it 
was assigned a value of 1 in the common core structure. If a voxel failed to have a value 
of 1 for any of the regional averages, it was assigned a value of 0, effectively not 
appearing in the final common core structure. The binary common core repeating unit is 
shown in Figure 5.6. The isosurface model contours of the DOZ and VOZ have been 
overlaid to indicate how the common core structure fits within each regional unit (Figure 
5.6).  
 
Structural features in the common core repeating unit 
Only a few structural features were found to be of sufficiently low variability, within and 
between the regions, to be included in the common core structure. As expected, the PFs 
of the MT were well represented.  
 
Only two of the three sheets of the MRs were well represented in the common core 
structure. The Inner sheet and the Margin-facing sheet were both well represented, with 
slightly reduced sizes indicating that some variability exists. The center-facing sheet is 
poorly represented indicating this structure is more variable than expected.  
 
Much of the variation that exists in the MRs comes from the margin repeating unit 
structure. The MRs in the Margin repeating unit are angled relative to the MT, and only 
two MR sheets are present. The Margin also contains large blade-like crossbridges that 
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extend out from the angled MRs. This difference in structure likely accounts for why the 
crossbridges are not represented as a common feature, despite their presence in five of the 
six ventral disc regions.  
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Figure 5.6: Binary 3-D density map of the common core structure of the ventral disc. Panel A: A 54.3 
nm thick cross section of the binary common core density map. The PFs are numbered 1 to 13, In = inner 
sheet, M = margin-facing sheet. The common densities are shown in white. Grey densities demonstrate less 
well represented areas of the structure. The isosurface model contours have been overlaid on the structure 
to show how the common core fits inside each regional structure. The positions of the longitudinal sections 
in panel B to F are indicated by the lines and letters. Scale bar = 3.8 nm. Panel B to F: 0.78 nm thick 
longitudinal sections through the common core structure. The density is shown in black. C = center-facing 
sheet, SR = side-rail, SA = side arm and P = paddle. The contours of the DOZ and VOZ isosurface models 
have been overlaid onto the binary structure. Scale bar (located in Panel E) = 3.8 nm. It is clear that a lot 
of the decoration on the PFs in missing from the common core structure. The exception is GMIP5, which 
fits almost exactly to both the DOZ and VOZ model. This density is also well represented in the disc body 
and margin structural repeating units.  
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A lot of the structural features found in the regional repeating unit are not well 
represented in the common core structure. Most of the smaller densities including:  
GMAP1, GMAP2, GMAP3, GMAP4, GMIP7, GMIP8, GMIP9 and the side-rail, are 
dramatically reduced in size or are not present. The side arm and paddle are much 
smaller. A core side arm can still be seen connecting PF9 and P10, with a small density 
remaining on PF11.  
 
One of the only well represented features in the common core structure is GMIP5. This 
density is also strongly represented in all four of the regional averages. The GMIP5 
density appears to localize on every 8 nm repeat in the ventral disc regions that were 
imaged using cryo-ET and appears to be approximately the same diameter as tubulin.  
 
The lack of representation of the repeating structural elements that appear to be similar 
across the four regions, again suggests that there is both inter-regional and intra-regional 
variation in these structures. Intra-regional variation would result in a voxel failing to 
meet the threshold for inclusion in the regional binary structure. Inter-regional variation 
would mean it would not be included in the common core structure because it fails to 
appear in all four regions.  
 
When this result is taken in the context of the lack of region specific DAPs, it suggests 
that the regional differences arise, not from the presence of different region-specific 
proteins, but from variance in the frequency of incorporation; possible variance in PF 
location in the repeating unit, or different conformational states of the same group of 17 
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DAPs. For example, it might be that varying the frequency, location, or conformational 
state of certain structural proteins alters the flexibility of the MT, affecting the local 
curvature.  
 
If structural differences between regions arise due to the variable incorporation, or 
localization of a core set of proteins within the repeating units.  Ventral disc biogenesis 
must be an extremely tightly regulated process to ensure that the each of the proteins is 
incorporated at the correct frequency or location in the repeating unit structures along a 
single MT, that occur in specific localizations or regions within the larger array.  
 
 
Results Summary and Discussion 
 
Cryo-ET and subvolume averaging has demonstrated that the variation observed in the 
coarse structures of the ventral disc regions extends to the fine protein structures of the 
DOZ and VOZ.  Subvolume averaging allows the visualization of smaller protein 
densities decorating both the outer and inner surface of the MT. This decoration cannot 
be distinguished from noise in a signal subvolume, without using averaging to enhance 
the signal-to-noise ratio and therefore revealing greater resolution.  
 
The MTs in the DOZ and VOZ are highly decorated. The locations of the decorating 
densities are conserved in both of these regions, though the apparent size and shape of the 
densities changes. This change could be due to the presence of different region specific 
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proteins. However, given that there are very few proteins unique to each region, it is more 
likely due to alterations in frequency of incorporation, PF location, or conformational 
state of each of the core DAPs in each region.  
 
Intra-regional variation in both the DOZ and VOZ are visible in some areas of the 
structure. The outer areas of the side arm and the paddle are both “hot spots” of variation 
within these structures. There are multiple explanations that could account for the 
variation observed. It is possible that the curvature of the MTs, and the angle at which the 
side arm extends from the MT result in a poor alignment of these structures.  
 
Conversely, the side arm structures may be important for imparting curvature to the MTs, 
and vary in structure as curvature varies along the length of a MT. It is also possible that 
these large structures are just more flexible, or naturally exist in multiple conformational 
states.  
 
When the average volumes from the DOZ, the Disc Body, the VOZ and the margin are 
aligned to generate a structure containing only densities shared by all four regions the 
result produces a small common core structure lacking much of the decoration observed 
in the regional structures. This suggests that only a few proteins localize to every 8nm 
repeat throughout the ventral disc.  
 
The lack of decoration in the common core structure aligns well with the finding that 
there are few regionally unique proteins. Instead, it suggests that the variations observed 
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between the subvolume averaging structures results more from differences in protein 
incorporation rather than the inclusion of different very wide variety of DAPs in the same 
location.  
 
An attractive explanation for the variation within and between the 4 ventral disc regions 
is variability in frequency of incorporation of the core set of DAPs. For example, the 
protein or protein complex that is represented by GMAP2 is smaller in the DOZ than in 
the VOZ and disc body. If the protein or protein complex is incorporated only once every 
16 nm, or infrequently, with no regular repeat rather than 8nm or is incorporated 
infrequently, it will appear smaller in the final average structure.  
 
A change in incorporation frequency of a set of core DAPs might provide a model for the 
smooth modulation of factors such as MR height and MT curvature throughout the array 
and could explain why the densities observed still occur in the same location in different 
regions, and vary principally in size and shape. Also, because the MTs are curved along 
their length it is likely that there are deformations at the interfaces between the tubulin 
monomers, tubulin dimers and/or neighboring PFs compared to a straight MT. These 
defects would create center-facing and margin-facing molecular recognitions sites for 
specific proteins and could explain why features such as the side arms are always 
assembled on the margin-facing wall of the MTs.  
 
If the regional variation observed in both the coarse and fine structures of the ventral disc 
are largely due to variable incorporation of a single set of core proteins, this variability 
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means that the same proteins must be incorporated at different frequencies, along a single 
MT; therefore the process of assembly must be very tightly regulated.  
 
The presence of MIPs in the ventral disc suggests that at least some of the DAPs must be 
incorporated as the MTs are polymerizing. The MTs of the ventral disc do not 
depolymerize until the new daughter discs begin to assemble [76]. The lumen of the MT 
is ~12 nm in diameter [168]. If MIPs were not incorporated into a growing MT, they 
would have to be transported up to 18 um, down the longest MTs, and placed into the 
correct position. This seems very unlikely as no motor proteins were detected in the 
proteomic analysis of the ventral disc components [121] and no motor proteins have been 
localized to the ventral disc with GFP tagging [121]. Alternatively, the MTs would have 
to open in a controlled manner, after assembly to allow MIPs to enter.  
 
GMIP5 
One of the most well represented features in the Common Core structure is GMIP5. This 
density is strongly represented in all four of the regional averages. The GMIP5 density 
appears to localize on every 8 nm repeat in the ventral disc regions that were imaged 
using cryo-ET and appears to be approximately the same diameter as a tubulin monomer.  
 
Using the structural information obtained in this study, we can narrow down the list of 
known DAPs that might be candidates for GMIP5 (Table 5.2), assuming that it is 
composed of a single protein and that this density is the result of the same protein in each 
regional structure. First, all DAPs that do not localize to the DOZ, the disc body, the 
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VOZ and the margin can be excluded, leaving a list of 19 DAPs. Next, proteins with a 
known function in the ventral disc can be excluded. This step excludes tubulin, which is 
known to be the structural component of the MTs [169,170,171]. Beta-giardin, Delta-
giardin, Gamma-giardin, and SALP-1 are also excluded, as there proteins are known to 
localize the MRs [114,115,121,172] 
 
Assuming that GMIP5 is truly a very well represented density, which it appears to be, it 
is similar in diameter to the tubulin monomers. In G. lamblia, alpha-tubulin is 51 kDa 
[94,121] and beta-tubulin is 50 kDa [94,121]. To allow for the possibility of different 
oligomeric states of a protein that composes GMIP5, only very large proteins (over 100 
kDa) will be excluded next. As many of the known DAPs are large, this leaves only six 
candidates. All of these remaining proteins contain motifs known to bind to other proteins 
or MTs [173,174,175,176,177].   
 
Using structural information, the candidates for in vitro experimentation to identify 
GMIP5, have been narrowed significantly (ideas for how this could be achieved are 
discussed in Chapter 6).  The identity of a MIP has yet to be positively determined, and 
the conformation of a MIP binding site for the inner MT surface is still unknown 
[103,105]. There is also the possibility that, because of its ubiquitous incorporation into 
the ventral disc repeating units, this protein plays an important role in the structure or 
stability of the ventral disc. It could provide an excellent target for the development of 
new anti- giardia drugs.  Identifying this density should be a high priority as it is likely to 
play an important structural role. 
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DAPs on all 
four ventral 
dics regions 
DAPs with no 
known function 
in Giardia 
DAPs (Below 
100 kDa) 
DAPs with a 
known protein-
protein 
interaction 
motif 
 
Starting list of 
GMIP5 
candidates for 
testing 
Alpha-2 tubulin Alpha-2 tubulin Alpha-2 tubulin Alpha-2 tubulin  
Beta tubulin Beta tubulin Beta tubulin Beta tubulin  
α-2 annexin α-2 annexin α-2 annexin α-2 annexin α-2 annexin 
α-3 annexin α-3 annexin α-3 annexin α-3 annexin α-3 annexin 
α-5 annexin α-5 annexin α-5 annexin α-5 annexin α-5 annexin 
α-17 annexin α-17 annexin α-17 annexin α-17 annexin α-17 annexin 
Beta- giardin Beta- giardin Beta- giardin Beta- giardin  
Delta- giardin Delta- giardin Delta- giardin Delta- giardin  
Gamma-giardin Gamma-giardin Gamma-giardin Gamma-giardin  
SALP-1 SALP-1 SALP-1 SALP-1  
DAP16279 DAP16279 DAP16279 DAP16279  
DAP103807 DAP103807 DAP103807 DAP103807  
DAP92498 DAP92498 DAP92498 DAP92498  
DAP 5010 DAP 5010 DAP 5010 DAP 5010  
DAP5374 DAP5374 DAP5374 DAP5374 DAP5374 
MBP MBP MBP MBP  
DAP13766 DAP13766 DAP13766 DAP13766 DAP13766 
DAP17053 DAP17053 DAP17053 DAP17053  
DAP17097 DAP17097 DAP17097 DAP17097  
 
Table 5.2: Using structural information to narrow down the GMIP5 candidate proteins. 
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CHAPTER 6: FINAL CONCLUSIONS AND DISCUSSION 
 
This research has provided a wealth of new information about the organization of the 
ventral disc array in G. lamblia. The use of large scale 3D reconstruction of negatively 
stained extracted ventral discs has provided information on the exact path of each MT in 
the array, leading to new information on the total number, length and organization of 
MTs within the large structure.  
 
It was discovered that almost the entire ventral overlap zone is formed from MTs that 
nucleate on the center edge of the array. Deletion of all center edge MTs from the model 
closely resembles the patterning observed in the ventral disc when MBP is knocked 
down. Knockdown of MBP results in impaired attachment of the trophozoite cell. This 
result has lead to new avenues of research that may provide the starting point to discover 
the function of MBP in the ventral disc and the future development new drugs to treat 
Giardia infection.  
 
It was also discovered that this array is not structurally uniform. The MT curvature, 
length of crossbridges, MT spacing, and MR morphology, alter depending on the area or 
region of the disc. This means that changes in the structure of the MT decoration occurs 
along the length of an individual MT, indicating a complex assembly process.  
 
Structural variation was also found to exist within the smaller decorating structures that 
compose the repeating units of the disc, both within and between different ventral disc 
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regions. Variation was found largely to exist in the size and shape, but on location on the 
PFs of the MTs. This made it possible to align the regional repeating unit average 
volumes to obtain a common core structure for the ventral disc. The common core 
structure appeared to be lacking much of the decoration observed in the regional 
repeating units.  
 
The lack of decoration in the common core structure and the variability in density size, 
but not location in the regional repeating units suggests that both intra- and inter-regional 
variation is created by variable incorporation of the different DAPs in different ventral 
disc regions. This result explains how a great deal of structural variation can be created 
from a small set of proteins found to localize to all regions of the disc. It is possible that 
changes in frequency of incorporation or location of incorporation within the repeating 
units, of specific DAPs, could modulate MT curvature, length and type of crosslinking 
between MTs and MRs, allowing the large array to be constructed from as few different 
protein components as possible.  In vitro methods for testing this hypothesis are discussed 
below. 
 
The regional structures from the DOZ, disc body, VOZ and margin were all found to 
contain MIPs bound to specific PFs.  Only one MIP was found consistently, in all four 
regions, with very little variation in size and shape. The density is attached to PF5 and is 
known as GMIP5. This density was the only MIP that was strongly represented in the 
common core structure and was found to be approximately the size of a tubulin 
monomer. GMIP5 occurs with a repeat frequency of 8nm, suggesting that its binding is 
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controlled or modulated by the repeat length of the αβ tubulin dimer. This protein could 
play an important role in the structure or function of the ventral disc as it seems to be 
ubiquitous through the regions examined.  
 
The identities of the protein component or components of GMIP5 are still unknown. 
However, using information from the structures obtained in this study, the pool of known 
DAPs that could compose GMIP5 has been narrowed down from thirty-two proteins to 
only six. This will provide a good starting point for further investigation of this structural 
component.   
 
It is hoped that this work will serve as a foundation and a context for further research into 
the structure and function of the ventral disc, the processes of ventral disc assembly, and 
eventual identification of the proteins that compose the ventral disc subunits.  
 
 
If I had another five years…ideas for further research 
 
Construction of curvature class averages 
It was not clear whether the variation in the size and shape of the side arm both within 
and between different ventral disc regions was due to changes in conformation of this 
structure, differential occupancy, or poor alignment of the density due to curvature of the 
MT.  
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The work presented here has resulted in the development of a protocol for determining 
the curvature of each point in a contour. It would be simple to apply this and determine 
the exact curvature value for each point used to define a subvolume in the cryo-ET data. 
This would allow a very new feature of PEET to be used. This feature allows the 
production of class averages from select subvolumes in the original average. Class 
averages could be constructed from subvolumes with center points that have been 
assigned curvature values within a narrow range. This would reveal if the side arm 
conformation is related to curvature of the MT or provide a better average if curvature is 
preventing a good alignment from being obtained. Since this data is already available, 
these class averages will likely be included in a publication of the work.  
 
 
Investigation of the MBP Morpholino phenotype 
The ventral disc models demonstrated that almost all of the MTs are located in the VOZ 
nucleate on the center edge of the MT. When the center edge MTs are removed from the 
model, the structure closely resembles the ventral disc phenotype observed in trophozoite 
cells treated with anti-MBP Morpholinos (Chapter 1, Figure 1.10). This phenotype is 
known to impair trophozoite attachment [123].  
 
It appears that knockdown of MBP expression may induce the loss of the center edge 
MTs or MRs, causing the loss or a change in structure of the VOZ, leading to a flattening 
of the ventral disc array. To test this hypothesis, extracted cytoskeletons that contain the 
ventral disc phenotype could be imaged using negative stain and large area montage 
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tomography.  
 
Because the anti-MBP Morpholinos have to be electroporated into cells and they are 
short acting, the entire population of trophozoites often do not exhibit the phenotype. 
Since the trophozoites that carry the phenotype have impaired attachment, it should be 
possible to enrich the concentration of these cells by centrifuging the culture with 
sufficient force to remove impaired cells, while leaving wild type cells adhered to the 
culture tube.  
 
Investigating GMIP5 candidate proteins  
The six DAPs that are likely candidates to compose GMIP5 could be investigated using 
in vitro methods. The candidate DAPs should be expressed and purified from a 
recombinant expression system.  
 
The binding of purified proteins to taxol stabilized in vitro microtubules could be 
investigated using cryo-EM to look for the presence of MT decoration. Helical averaging 
could be used to obtain a structure of the protein if binding to the inner surface was 
detected [181,182].  
 
If an atomic resolution structure of the DAP could be obtained, either by X-ray 
crystallography or NMR, a docking experiment could be carried out to orient the atomic 
structure within the cryo-EM density [181,182]. This procedure might allow not only the 
identification of the first MIP, but also the structure of the binding site for the inner 
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surface of the MT.  
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CHAPTER 7: Material and Methods 
 
Culture of WBC6-M Giardia lamblia trophozoite cells 
 
Modified TY-S-33 media  
Modified TY-S-33 non-commercial media was produced in the lab as needed. A 
concentrated 5X media base is made by adding 25 g D-glucose (Sigma-Aldrich, St. 
Louis, MO, USA), 5 g NaCl (Sigma-Aldrich, St. Louis, MO, USA), 25 g yeast extract 
(Sigma-Aldrich, St. Louis, MO, USA), and 50 g casein peptone digest (Sigma-Aldrich, 
St. Louis, MO, USA) to ultra pure deionized (DI) water, which is made up to 500 ml after 
addition of components. The mixture was then stirred for 30 minutes and subsequently 
filtered through Whatman filter paper (GE Healthcare Bio-Sciences, Piscataway, NJ, 
USA) to remove large particulates.   
 
The media was completed by making a cysteine (Sigma-Aldrich, St. Louis, MO, USA) 
and ascorbic acid (Sigma-Aldrich) solution. 2 g of cysteine and 0.1 g of ascorbic acid 
were added to 700 ml of ultra pure (DI) water. The pH of the solution was adjusted to pH 
7.0- 7.2 using 10 M NaOH. To this solution, 20 ml of 50X phosphate buffer (220 mM 
KH2PO4, 427 mM K2HPO4.3H2O) 200 ml of 5X basic medium, 8ml of 6% bovine bile 
(Sigma-Aldrich, St. Louis, MO, USA) solution, 3 ml ferric ammonium citrate (Sigma-
Aldrich, St. Louis, MO, USA) solution (2.28 mg/ml), 10 ml of 100X 
Penicillin/Streptomycin (Life Technologies, Grand Island, NY, USA) and 100 ml of adult 
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bovine serum (Sigma-Aldrich). After thorough mixing the media was then filtered under 
vacuum through Nalgene Rapid-Flow PES membrane bottle top filters (Thermo 
Scientific, Waltham, MA, USA) to sterilize. The filters were replaced if the flow reduced 
to a slow drip. The media was then divided into 50 ml aliquots and stored at -70 oC until 
use.  
 
Culture of trophozoite cells 
WBC6-M giardia trophozoite cells (a kind gift from the Dawson Lab at UC Davis) were 
cultured in non-commercial modified TY-S-33 media in anaerobic conditions. Cells were 
cultured in 15 ml culture tubes containing 12 ml of media. Large cultures were grown in 
50 ml conical tubes, containing 50 ml of media. The lids of both types of tubes were 
screwed on tightly to prevent air exchange and protect the cells from excessive oxygen 
exposure. After bring up a culture from a frozen cell stock, cells were allowed 1 hour at 
37oC to recover and attach to the tube surface. After 1 hour, the DMSO containing frozen 
storage media was removed and exchanged for 12 ml of modified TY-S-33 media. Cells 
were then allowed to grow to near 100% confluency before splitting the culture.  
 
In order to split the culture, the culture tubes were placed on ice (30 minutes for 15 ml 
tubes and 45 minutes for 50 ml tubes). As the media cooled, the cells detached from the 
sides of the tube and formed a suspension in the media. This cell suspension was then 
diluted to the desired concentration with fresh media. Culture tubes were then returned to 
37 oC to allow cells to reattach to the tube.  
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Freezing and storage of trophozoite cells 
WBC6-M cultures were prepared for frozen storage by placing a 15ml culture tube of 
cells on ice as described above. After the cells detached from the tube walls, the tubes 
were centrifuged at 900 x g to form a soft pellet. The media was removed and replaced 
with 2 ml storage media (90% modified TY-S-33 media with 10% DMSO). The pellets 
were resuspended in the storage media and 1 ml of this suspension was transferred to a 
cryo-storage vial. The vials were placed at -70 oC for 48 hours and then transferred to 
LN2 storage.  
 
 
Preparation of extracted cytoskeletons 
 
PIPES, HEPES, EGTA, MgSO4 (PHEM) buffer 
1X PHEM buffer was made for a 2X PHEM buffer stock (120 mM piperazine-N,N′-
bis(2-ethanesulfonic acid) (PIPES), 55 mM (4-(2-hydroxyethyl)-1-
piperazineethanessulphonic acid) (HEPES), 20 mM ethylene glycol tetraacetic acid 
(EGTA) and 16.5 mM MgSO4. 
 
Detergent extraction of cytoskeletons 
The media was removed from a 15 ml tube of WBC6-M trophozoite cells by decanting. 2 
ml of PHEM buffer with 1% triton X-100 was used to wash the cells. This was removed 
by decanting. 4 ml of PHEM buffer with 1% triton X-100 was added to the tube and the 
lid was replaced. The tube was inverted for approximately 2 minutes to coat the cells with 
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the solution. The tube was then placed on a vortex, on low, for 15 minutes. The 
suspension was then removed from the culture tube and transferred to a 15 ml conical 
tube and centrifuged at 2500 x g for 5 minutes. The supernatant was removed and the 
pellet was resuspended in 1 ml PHEM buffer with 1% triton X-100. The new suspension 
was vortexed for 15 minutes on low. The tube was then placed in a water bath sonicator 
for 30 seconds. The tube was then placed at 4 oC for 1 hour. After cooling the tube was 
vortexed and sonicated twice more as described above. The extracted cytoskeletons were 
then washed to remove the detergent. This was done by centrifuging the cells at 2500 x g 
for 5 minutes. The supernatant was removed and the pellet was resuspended in 1 ml 
PHEM. This step was repeated three times. After the final wash, the cytoskeletons were 
resuspended in 0.5 ml of PHEM and stored for 48 hours at 4 oC. 
 
 
Preparation of grids for negative stain of extracted cytoskeletons 
 
 
Preparation of carbon coated formvar grids 
A thin layer of formvar was created on a glass microscope slice (Thermofisher Scientific) 
by dipping a glass slide into 0.7 % formvar resin in ethylene dichloride solvent. The slice 
was allowed to dry for approximately two minutes and the layer of formvar was cut free 
of the slide and floated on water. 200 mesh Cu-Ru grids (Electron Microscopy Sciences, 
Hatfield, PA, USA) were placed copper side down onto the film of formvar. A glass 
coverslip (Thermofisher Scientific) was used to scoop the grids and formvar layer 
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through the water. The grids were then gathered on a surface of the coverslip, with the 
copper/formvar-coated side facing up, and allowed to dry.  
 
A carbon coat was added to the grids by placing the coverslip in a rotary pumped carbon 
and sputter coater (Electron Microscopy Sciences). Current was passed though a carbon 
string until an even coat of carbon was applied to the surface of the grids. Just before use, 
each grid was cut free of the extra formvar.  
 
Preparing negatively stained extracted cytoskeletons 
400 ml of extracted cytoskeleton suspension was removed from 4 oC storage and 
centrifuged at 2500 x g to pellet. The supernatant was removed and the pellet was 
resuspended in 200 µl of fresh PHEM buffer. The carbon coated grids were glow 
discharged to impart a negative charge to the surface of the grids. 5 µl of 20 nm gold 
fiducial colloidal suspension, 7x1011 particles per ml (British Biocellular International, 
Cardiff, UK), diluted 1:2, was added to each grid. After 5 minutes the grids were blotted 
on the side of the grid, using Whatmann filter paper, and then allowed to dry fully.  
 
The dry grids were then glow discharged a second time and 10 µl of concentrated 
cytoskeleton suspension was added to each grid. The cytoskeletons were allowed 20 
minutes to adhere to the grid in a humid environment at room temperature. The grids 
were then blotted on the side so they were partially dry. 5 µl of 3% aurothioglucose 
solution was added to each grid. A torn edge of Whatmann filter paper was then used to 
blot the front surface of each grid as dry as possible. The grids were then allowed to dry 
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completely and then placed in a grid storage box at room temperature until use.  
 
 
Preparation of plunge frozen grids of extracted cytoskeletons 
 
400 µl of cytoskeleton suspension was removed from 4 oC storage and centrifuged at 
2500 x g to pellet. The supernatant was removed and replaced with 70 µl of fresh PHEM 
buffer. A concentrated gold fidicial solution was made by centrifuging 1 ml of 10 nm, 5.7 
x1012 particles per ml, gold fiducial solution (British Biocellular International) for 10 
minutes at 2500 x g. 850 ul of supernatant was removed and the gold pellet was 
resuspended in the remaining liquid. The tube was then placed in a water bath sonicator 
and sonicated for 2.5 minutes to break up clumps. 4/2/2 C-flat holey carbon grids 
(Electron Microscopy Sciences) were glow discharge to impart a negative charge to their 
surface just prior to use. 
 
The Vitribot (FEI) was used to produce the plunge frozen grids. 4 ul of concentrated 
cytoskeleton suspension was added to each grid and allowed 30 seconds to adhere in an 
environment set to 70% humidity. 1 µl of concentrated 10 nm gold fiducial solution was 
added to the grid and mixed with the cytoskeleton suspension by pipetting up and down 
five times. The grid was then blotted using the settings blot force 0 and blot time 2. The 
grid was then plunge frozen in a 40:60 mixture of liquid ethane and propane. After 
plunge freezing each grid was transferred to a grid cryo-storage box and stored in LN2 
use imaged.  
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Imaging in the TEM 
 
All EM data was collected on an FEI Tecnai F30 FEG transmission EM (FEI-Company, 
Eindhoven, The Netherlands) operating at 300 kV. All tilt stack images were recorded 
with binning by 2 on 4K x 4K Gatan Ultracam 895 CCD camera (Gatan, Inc, Pleasanton, 
CA) after passing though a Gatan Tridium GIF (Gatan, Inc, Pleasanton, CA) energy 
filter. With this camera, at a nominal microscope magnification of 18,000 x the image 
pixel size corresponds to 1.20 nm in the sample. At nominal magnification of 27,500 x, 
the pixel size corresponds to 0.77 nm in the sample.  
 
Acquisition of a 4 x 4 montage 
A low magnification map was acquired at 180 X magnification to map the grid and find 
intact cytoskeletons in areas with good stain density. The grid location of each intact 
cytoskeleton was marked on the map and each was examined at 4000 X to 5600 X 
magnification to ensure that no parts of the disc were folded over. When ready to image a 
dose of 500 to 600 electrons per Å2 was applied to an area larger than the montage area, 
in order to set the stain.  
 
The magnification was then set to 18,000 X, the GIF slit was inserted and both rough and 
fine eucentricity were refined, and autofocus was taken to achieve a defocus value of -0.5 
µm and the slit was refined to re-center on the zero-loss peak. A low dose prescan 
montage 4 x4 was then set up in Serial to calibrate the image shifts in SerialEM and 
ensure the disc was centered in the montage area and no part would be excluded from the 
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final field of view.  
 
A 4 x 4 montage tilt series was collecting automatically using SerialEM software. The 
montage tilt series was set up so that 80 montage images would be acquired as the stage 
was incrementally tilted from -60o to +60o. The target intensity was from 5000 to 6000 
e/A2 for each image. The GIF was set up to automatically refine the zero loss peak at 30 
minute intervals during tilt series acquisition.   
 
 
Acquisition of a single axis cryo tilt series 
A low magnification map was taken using SerialEM software at 180 X magnification. 
Intact cytoskeletons on areas with thin, vitreous ice were marked on the low mag and 
their stage positions were saved in the navigator file. SerialEM was used to place the 
microscope into low dose EFTEM mode. Each cytoskeleton was inspected at 5600 X 
magnification to determine if any part of the overlap zone was located over a 2 um hole 
in the carbon support. If the cytoskeleton was correctly oriented over a hole a preview 
image with a dose of approximately 0.05 e/Å2 was taken at 27,500 X magnification to 
ensure the cytoskeleton was in good condition and to see if gold fiducial particles were 
present on the area of interest.  
 
Before taking a tilt series, SerialEM was used to refine both the rough and fine 
eucentricity; the defocus was adjusted to -6 µm or -4 µm; and image settings were 
adjusted to that the dose for a record image was set to 1 e/Å2. An area containing 
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sufficient features for tracking was defined along the tilt axis so that it was approximately 
1 µm from the area to be imaged. The GIF was adjusted to refine the zero loss peak.  
 
A tilt series was acquired automatically using SerialEM. The stage was tilted 
incrementally from -60o to +60o. A record image was acquired and binned by 2 at every 
2o of tilt. The dose for each projection image was varied as a function of 1/cosine of the 
tilt angle, so that a maximum dose of 2 e/Å2 was used at the highest tilt angle and 
minimum dose of 1 e/Å2  was used at 0o tilt.   
 
 
Reconstructions of tomograms using IMOD 
 
Building a 4x4 montaged tomogram 
The tilt stack was reconstructed computationally into a 3D volume using IMOD. The 
alignment of the overlapping sections of the montage was corrected automatically and 
then refined manually using Midas. Patch tracking was used to generate a fiducial model 
for image stack alignment. A manually defined boundary model, which mapped out the 
edges of the cytoskeleton, was used to exclude regions of empty formvar from tracking. 
Tracking of patches was carried out first using a global alignment and then a local 
alignment. Contours with alignment errors leading to very high residuals were deleted to 
achieve a better final alignment. After final alignment weighted back projection was used 
to compute a 3D volume. After 3D volume reconstruction, the volume was flattened 
computationally if necessary.  
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Building a cryo tomogram 
After tilt series acquisition, a 3D tomogram was computationally reconstructed using 
IMOD. A fiducial model was seeded manually by placing points on the 0o tilt image at 
locations where a 10 nm gold fiducial particles were present. Gold particles were chosen 
on the bases that they did not overlap with other gold particles, were easy to distinguish 
from the background and as much as possible, were evenly distributed over the image. 
Contours were created by automatically tracking the gold particles through the image 
stacks. Points were added manually to fill any gaps. Alignment of the fiducials was 
computed and then fiducial points with large residual vectors (deviating from ideal) were 
examined and the positioning of the points was adjusted manually if it was valid to do so. 
Both global and local alignments were used to optimize final alignment as much as 
possible.  
 
CTF correction  
After the 3D volume was reconstructed the contrast transfer function was used to recover 
information where they contrast was inverted in the image. ETOMO was used to 
calculate the CFT correction using estimates of defocus values over small ranges of tilt 
angles. Calibrations from the F30 microscope, and the calculated changes in defocus for 
binned angles of tilt were used to computationally recover information where contrast 
was inverted where the CTF was less that 0.  
 
 
 
  158 
Erasing gold 
The final processing step was removing the gold fiducial particles from the upper and 
lower X,Y surface of the aligned stack to ensure that no high contrast ray artifacts were 
present that could obscure sample data. Gold particles were removed by automatically 
searching for and generating model particle positions within the tilt stack. The model was 
then manually corrected so that a point was placed in the center of every gold fiducial. 
The pixels around the central model point, out to a radius of 13 pixels, were then altered 
to have an average gray value. The final tomogram was computed using weighted back 
projection. 
 
 
Modeling using IMOD 
 
Modeling the ventral discs 
IMOD was used to create models of the paths of the MTs and MRs in each ventral disc 
montage. Points were placed along the MRs (as these were more widely spaced and 
easier to follow) at regular intervals. Each MT/MR was modeled using a single open 
contour. The color of the contour was changed as the microtubule transitioned into a 
different disc region using the fine grain tool. The point of each regional transition was 
judged based on structural criteria and its position in the disc as a whole. The disc 
MT/MRs were modeled in order from the center edge to the outer periphery. It was 
possible to follow a single MT/MR as they do not overlap each other except in the dense 
bands proximal region. Here, every contour was extended to dense band closest to the 
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basal bodies so that a good estimate of total length could be made. The extended contours 
were input so that the approximate curvature of the preceding contour was maintained.  
 
The boundaries of the dense bands were modeled using closed contours in a separate 
object. The distance between the MT ends on the DB was measured at various points so 
that: distance 1 = distance between DB1 and DB2; distance 2 = distance between DB2 
and BD3; and distance 3 = half the distance between DB1 and DB3. An average of 
distances 1, 2 and 3 was calculated for each disc and subtracted from the length of each 
contour to get the best estimate of total length.  
 
The boundary of the snMTs was modeled to show their relative position, a third object 
with closed contours. The contours were then divided at the fine grain boundaries using 
an IMOD program called “imodchopconts”. The program divided all the contours at each 
fine grain boundary and inserted all the contours of the same color into a separate object 
in a new model. The point at the boundary was duplicated so that the contours all start 
and end at their original position and their lengths were maintained accurately.  
 
In order to assess curvature across the disc, contours of the main disc models were broken 
along the fine grain boundaries and moved to separate objects. The curvature for each 
contour and the total curvature of each region was then determined using IMOD.  
 
Modeling for subvolume averaging 
IMOD was used to generate a point to define the center of each subvolume. A separate 
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model of each surface of the overlap zone was generated using a single object with 
multiple open contours. Points were placed as close as possible to the center of the lumen 
of each MT, then offset to move the entire contour to the point of the MT/MR interface. 
Contours started and ended approximately 1 inch from the edge of the volume when 
viewed at 1X zoom, in X and Y. Any areas of poor definition or containing extraneous 
material were excluded. All of the contours were constructed with the same 
directionality. Once completed, the model was offset in the X, Z plane, by approximately 
13 pixels, to move the model points to the area where the MT and MR connect.  
 
The program, “AddModPts”, was then used to alter the spacing of the points in each 
contour. Points were moved or adding along the contour automatically to fit a defined 
spacing. An 11 pixel spacing was enforced to correspond to an 8nm α/β tubulin repeating 
unit.  
 
Subvolume averaging using PEET 
 
Generation of a preliminary averaged volume for each overlap zone surface in each 
tomogram 
Sub-volume averaging was carried out in multiple stages to form the final disc region 
structures. First a preliminary alignment was carried out for each overlap zone surface in 
each individual tomogram. The tomogram .rec file, the model file, and the tilt log were 
inserted as the input data. The sub-volume size was defined as a 70x70x70 pixel volume, 
with a model point at the center. An initial reference was constructed from 32 randomly 
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selected sub-volumes. The alignment was set so that the directionality of the contour 
would be used to define the y-axis of each sub-volume. Three stages of alignment were 
used to iteratively converge on the average structure giving the highest cross correlations 
scores. After each round of alignment, a new reference was constructed to minimize 
reference bias. This motive list of rotations and translations for each subvolume was used 
as a starting alignment for the grand averages.  
 
Production of a grand average volume from the overlap zones from multiple 
tomograms 
After a final average structure was optimized for each surface from each tomogram, a 
grand average was built using subvolumes from multiple tomograms. The motive lists for 
each average generated previously were modified manually by rotating the averaged 
volumes into approximately the same orientation. This large rotation to the motive list 
was output after the average volume was constructed.  
 
The motive list contains information on the translocation and angular rotations that were 
used for each sub-volume particle to achieve an alignment to the reference with the 
highest cross-correlation scores. The result was that each sub-volume could be 
automatically rotated before alignment refinement to ensure that all of the input sub-
volumes, from different tomograms, were in approximately the same orientation. This 
reduced the required search angles and run time dramatically. Tomograms, models and 
motive lists from all previous averages were entered into a final PEET run for each 
surface. The settings are show in Figures 7.1 and Figure 7.2. 
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Figure 7.1: PEET setup tab used for the grand average run for each region. The settings used for 
averaging are shown.  
 
 
 
A reference volume was generated from the average volume output with the highest 
resolution result. A mask was generated and used for all four averages of the ventral disc 
regions. Contours were placed around the structure in order to exclude areas containing 
neighboring MTs and noise alone. A mask was then generated using imodmop to color 
all areas outside of the contours black, thereby removing their contribution to the 
average. 
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Figure 7.2: PEET run tab used for the grand average run for each region. Table of angular and 
translocational search ranges used at each iterative step in average construction. Below are addition settings 
used for subvolume averaging.  
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A rough averaged volume from a single tomogram with the highest resolution was used 
to generate a reference for each grand average. The length of each side of the reference 
volume was doubled to allow for translocations during alignment. A grand average 
alignment was produced for each region. An extra refinement step was added to ensure a 
higher quality result. Each average volume was mtf filtered to enhance the sharpness of 
the edges within the volume.  
 
Calculating the internal resolution of the grand average volumes using Fourier shell 
correlation. 
A program called calcFCS was used to calculate the internal resolution of the 
grandaverage. plotFSC was used to display the FSC curve for each consecutive average.  
 
 
Production of the Binary Common Core Structure 
 
In order to generate common core particle, a super average alignment was carried out. 
The average volumes from each regional grand average were input into PEET. An 
alignment without refinement run was carried out to align all the averaged volumes in the 
same orientation. Imoddensmatch was used to scale all the grayscale values so that the 
means and range of grayscale values was the same for all the average volumes. Matlab 
was used to determine a threshold value of 1 σ below the mean. A binary value of 1 was 
applied to all voxels in the averaged volumes with a grayscale value below the threshold, 
producing a binary structure for each region. Matlab was then used to generate a list of 
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voxels for the binary common core structure. Voxels in all four binary volumes with a 
value of 1 were assigned a value of 1 in the binary common core structure.  Voxels that 
were not present in all four binary structures were assigned a value of 0.  
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